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Zusammenfassung
Redox Cycling ist ein mächtiges Werkzeug zur elektrischen Detektion chemischer Elektroden-
Reaktionen. Basierend auf wiederkehrender Oxidation und Reduktion erlaubt diese Technik
eine überaus sensitive und auch selektive Identifikation von redox-aktiven Molekülen. Weitere
Vorteile entstehen durch eine Implementierung des Redox-Cycling-Prinzips in nanoporösen
Systemen. In diesem Fall trennt eine dünne Isolationsschicht zwei separat adressierbare
Elektroden, von der eine im direkten Kontakt mit dem zu analysierenden Medium steht.
Der Zugang zur anderen Elektrode wird durch Poren in der ersten Elektrode und im Isolator
geschaffen. Aufgrund des modularen Aufbaus sind entsprechende Sensoren stark mit dem
Reservoir gekoppelt. Zudem kann bei der Fabrikation die laterale Ausdehnung der Sensoren-
fläche frei skaliert werden. In dieser Arbeit werden nun drei wesentliche Beiträge in Bezug
auf ein detailliertes Verständnis, eine einfache Herstellung und eine theoretische Analyse
nanoporöser Doppelelektroden Sensoren geleistet.
Zuerst werden die grundlegenden Charakteristiken von Redox Cycling in Nanoporen unter-
sucht. Zu diesem Zweck wird ein Sensor-Chip mit 32 dualen Mikroelektroden gefertigt.
Jeder der Elektroden enthält bis zu 209 000 Nanoporen mit Radien von ungefähr 50 nm
und Porenabständen von 200 nm. Die Eignung als elektrochemischer Sensor wird durch eine
detaillierte Messreihe über drei Größenordnungen bewiesen. Die dichte Integration der Poren
und der geringe Elektrodenabstand von annähernd 100 nm führen zu Flächenströmen von bis
zu 9 mA/mM cm2. Wie weiterhin durch umfangreiche numerische Analysen bestätigt, spiegelt
sich jeder mit dem Redox-Cycling-Prozess in Verbindung stehende Parameter auf spezifische
Weise im aufgenommenen Signal wider. Folglich erlaubt die spezielle Poren-Geometrie einen
detaillierten Einblick in die Elektronen-Transferreaktionen eines untersuchten Analyts. In
diesem Zusammenhang wird der stark asymmetrische Transferkoeffizient des Fc(MeOH)0/1+2 -
Paares aufgedeckt.
Im zweiten Teil dieser Arbeit wird ein Doppelelektroden-Sensor vorgestellt, der auf der
Verwendung von nanoporösen Aluminiumoxid Membranen beruht. Neue Prozessschritte
werden entwickelt, um eine schnelle, parallele Fertigung zu ermöglichen. Die Schritte be-
inhalten eine selektive Passivierung von strukturierten Elektroden-Oberflächen mit Hilfe
von Polymeren und Prozesse für das selektive Ätzen von Titanoxid. Durch eine Kombination
dieser Techniken mit einer auf dem Substrat durchgeführten Anodisierung von Aluminium
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Filmen werden auf der Wafer-Skala letztlich große nanoporöse Sensoren hergestellt. Jeder
der Sensoren vereint mehr als eine Milliarde Poren auf einer Grundfläche von 9 mm2. Mit
Porenabständen von ungefähr 100 nm und Radien von 20 nm werden extreme Sensitivitäten
von 330µA/mM erreicht. Darüber hinaus stellt sich heraus, dass die besondere Kopplung
des großflächigen Poren-Arrays einen direkten Einfluss auf die Redox-Cycling-Ströme von
Analyten wie dem Fe(CN)4−/3−6 -Paar hat, welche verschiedene Diffusionskoeffizienten für
reduzierte und oxidierte Moleküle aufweisen.
Im dritten Teil der Arbeit wird das Problem der korrekten Simulation strukturierter
Sensoren behandelt. Um Effekte zu beschreiben, wie die mittels der Mikroelektroden unter-
suchten, muss ein passendes Model die detaillierte Geometrie einer nanostrukturierten Ober-
fläche beinhalten. Jedoch muss das Model auch, wie anhand des Aluminiumoxid Sensors
ersichtlich, die Kopplung zwischen Sensor und Reservoir berücksichtigen. Zu diesem Zweck
wird ein neues Verfahren entwickelt, welches effizient und präzise das umfassende Verhalten
entsprechender Sensoren berechnen kann. Während andere Methoden sogar an einer Aus-
sage über die fundamentalen Charakteristiken scheitern können, liegt der Fehler in dem
vorgestellten Ansatz unterhalb des Prozentbereichs.
Abstract
Redox cycling is a powerful tool for the electrical detection of chemical electrode reactions.
Owing to repeated analyte oxidation and reduction, this technique enables extremely sensi-
tive and highly selective identification of redox-active molecules. Further benefits are pro-
vided when implementing the principle of redox cycling in nanoporous devices. Here, a thin
non-conducting layer separates two individually addressable electrodes. One of these elec-
trodes faces the analyte containing medium directly, while the other one can be accessed
through apertures within the first electrode and the spacing layer. Due to the modular lay-
out according sensors are strongly coupled to the reservoir. Additionally, the lateral sensor’s
dimensions can freely be chosen during fabrication. Within this work, three major contri-
butions are made regarding the detailed understanding, the convenient fabrication, and the
comprehensive theoretical analysis of nanoporous dual-electrode sensors.
First, the fundamental characteristics of redox cycling in nanopores are investigated. To
this purpose, a sensor-chip holding an array of 32 dual-microelectrodes is fabricated. Each
of the sensors features up to 209 000 nanopores with radii of 50 nm and interpore distances
of 200 nm. The efficiency for electrochemical sensing is proven by screening a concentration
range of three orders of magnitude. The densely integrated pores and the close electrode
spacing of about 100 nm lead to per-area sensitivities of up to 9 mA/mM cm2. Furthermore,
as supported by numerical in-depth analyses, every parameter involved in the redox cycling
process leaves a unique footprint in the current recorded at the sensor. Consequently, the
specific nanoporous geometry allows detailed studies on the heterogeneous electron transfer
reactions of an analyte. In this context, a highly asymmetric transfer coefficient is revealed
for the Fc(MeOH)0/1+2 -couple.
As a second part of this work, a dual-electrode sensor is presented that is based on
nanoporous alumina membranes. Novel processing steps are developed to enable high-
throughput fabrication. These steps include a selective passivation of structured electrode
surfaces by polymers and processes for the selective etching of titania. Combining the tech-
niques with the on-chip anodization of aluminum films, large-area nanoporous redox cycling
sensors are fabricated on the wafer scale. Eventually, each of the sensors comprises more
than one billion pores on a basal area of 9 mm2. With interpore distances of approximately
100 nm and pore radii of 20 nm sensitivities of up to 330µA/mM are reached. Furthermore,
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the specific coupling of the extended nanopore array is found to have a direct impact on the
redox cycling currents of analytes, such as the Fe(CN)4−/3−6 -couple, which feature distinct
diffusion coefficients for the reduced and the oxidized species.
The issue of accurately simulating nanopatterned redox cycling sensors is addressed in the
third part of this work. To describe effects similar to those investigated at the microelectrode
sensor, an according model has to represent the detailed nano-geometry of a patterned
interface. As shown by the large-area alumina sensor, however, the model must additionally
include the coupling between a sensor and its surrounding volume. To this end, a novel
approach is developed that can quickly and precisely calculate a sensor’s comprehensive
behavior. While other methods might even fail to predict basic current characteristics,
errors of the presented approach are commonly below the percentage range.
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Chapter 1
Introduction
The origins of electrochemistry are commonly viewed to reach back to the late 1780s, when
Galvani was performing his famous experiments on frog legs. Electrically connecting a frog’s
nervous and muscular tissue, Galvani found a consecutive movement of the frog legs, which
led him to postulate some kind of ‘nerveo-electrical substance’. As he suggested, this ‘animal
electricity’ was guided from the nervous tissue to the muscles by the applied metallic wire.1
Inspired by these experiments, Volta discovered that the muscular contractions were in fact
the consequence of an electrical potential across the frog legs. Moreover, this potential
was actively induced within the tissue as distinct metals were used to contact nerves and
muscles. In this context, Volta is credited to have developed the first electrochemical battery
by exposing copper and zinc electrodes to a saline solution.2,3
As in its early years, electrochemistry today is still densely connected to biology. Elec-
trochemistry and biology are most closely interwoven in the field of biosensing, linking the
electric detection of chemical reactions to biomedical research and applications. A promi-
nent example for an according application is the glucose sensor, which is used to monitor
the glucose blood level of patients suffering from diabetes. A subject to current studies is
the detection and quantification of endogenous substances, such as dopamine.4–6 In its pri-
mary function as a neurotransmitter this molecule serves as a messenger for the inter-cellular
communication within the mammal brain. Unbalanced dopamine levels are associated with
multiple psychological and physiological disorders,7,8 the most commonly known of which
might be the Parkinson’s disease.9,10 Electrochemical monitoring could be the key to fully
understanding and effectively treating according conditions.
In this context, redox cycling represents a very efficient technique. By the means of repet-
itive oxidation and reduction of an analyte molecule, redox cycling intrinsically amplifies
the detected Faradaic currents, and thus provides a high sensitivity. A convenient way to
achieve repetitive electrode reactions is the usage of two closely spaced and individually ad-
dressable electrodes. The target molecules can then shuttle between these electrodes, driven
by Brownian motion.11,12 As one electrode is biased to a reducing potential and the other
one to an oxidizing potential, a certain number of electrons is transferred from the cathode
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to the anode with each shuttling cycle. The recurring electron transport is detected as a
current. As the redox cycling current is typically proportional to the number of molecules
contributing to the signal it can be used for quantitative analyte detection13,14 and may even
reach single-molecule resolution under well-defined conditions.15–18
The redox cycling effect specifically amplifies the signal of molecules, which are capa-
ble of repetitively changing their oxidation states. Consequently, the current amplification
of the redox cycling sensor can help discriminating relevant signals from electrochemical
background interference, which only arise from bulk access. This aspect is of particular im-
portance when the analyte is to be detected in solutions containing other electrochemically
active molecules that do not efficiently participate in redox cycling, such as ascorbic acid.19–21
Choosing the potential window of both electrodes accordingly, the response of one analyte
can be amplified while the signal derived from the other analytes is restricted to mass ex-
change with the reservoir only. To enable the quantitative detection of different redox active
compounds in redox cycling mode the potential of one electrode can be swept22–24 or both
electrode potentials can be simultaneously changed holding a constant offset.25
The principle of redox cycling is utilized in multiple configurations.26 A probe-based con-
figuration is employed in scanning electrochemical microscopy (SECM), which allows charac-
teristics of electrochemical interface reactions to be locally resolved.27 SECM has been used
in a variety of applications ranging from topographic and reactivity studies on solid-state
surfaces to the electrochemical imaging of living cells.28–30 Other redox cycling approaches
aim for electrochemical detection via on-chip devices.31,32 The developments of micro- and
nanofabrication techniques over the last decades have greatly contributed to the efficiency
of on-chip implementations. Lateral sensor arrangements, such as interdigitated electrode
arrays (IDAs), have profited from fabrication techniques that allow closely spaced electrodes
to be produced on the micron and sub-micron scale opening up a variety of applications in
sensing as well as in fundamental electrochemistry.33–40
Due to the undirected diffusive movement of the redox cycling molecules,41,42 a dramatic
increase in signaling strength can be achieved when bringing the electrode distances down
to the nanoscale.15,23,43 Considering on-chip redox cycling devices a reduction of gap sizes
of in-plane electrode arrangements to the sub-micron scale usually requires advanced fab-
rication methods.44,45 When utilizing a vertical architecture implemented by layer-by-layer
deposition processes, however, no lateral structuring limitations have to be considered. The
spacing between the individually addressable electrodes is only limited by the thickness of
the spacing layer preventing a shortcut. Therefore, electrode arrangements with distances
in or below the range of 100 nm can easily be obtained.
The concept of vertically aligned electrodes has been implemented by the group of Lemay
for the fabrication of highly sensitive nanofluidic or nanocavity redox cycling devices using
a sacrificial layer in between the electrodes.19,46,47 Eventually, as they form the upper and
lower boundary of a nanochannel, the two electrodes are only separated by a thin film
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of electrolyte. The high redox cycling efficiency of strongly confined cavity devices can
be exploited for sensing applications19,48,49 as well as for investigations on fundamental
electrochemical phenomena such as electron transfer characteristics,50 analyte diffusion51
and species adsorption.52,53
Another convenient way to realize stacked electrode systems is the usage of pore-based
redox cycling devices. Typically, an upper electrode is facing the electrolyte directly, while
the lower electrode is accessible through openings in the top electrode and a separating
insulator film. Holding one pore each, according sensors have been introduced by Henry and
Fritsch.54–56 Within a collaboration of the groups of Spatz, Stelzle and Schuhmann the porous
approach has further been refined leading to sensors with numerous separate apertures in the
sub-micron range.57,58 In first approximation, the multi-porous sensors can be seen as the
sum of individual single-pore elements. Since each of these elements is strongly coupled to
the reservoir, short fluctuations in the analyte concentration can be detected. Consequently,
porous redox cycling systems combine the easy accessibility of surface bound electrodes
with the close electrode spacing of vertical alignment. Due to these benefits, the porous
concept is continuously adopted by various groups.59–65 Additionally, nanoporous structures
allow experiments related to specific binding events.66 Here, the redox active species serves
as a tracer. The actual analyte is causing a blocking of the pores, thus suppressing the
redox cycling current. Preferably for this application, the pores should feature diameters
comparable to the size of the blocking molecules. However, also standard detection benefits
from pore radii far below the micrometer range as well if the interpore distances are equally
decreased.
The considerations above led to the development of redox cycling devices holding densly ar-
ranged pores with diameters of roughly 500 nm and electrode separations of 100−200 nm.58,64
Reported pore diameters in low density arrangements even reach down to 200 nm.57 In the
present work, however, we introduce pores with radii of 50 nm and below. According results
have been published first in ref. 67 and ref. 68. As we find, we break the barriers down
to which smaller pores simply imply an improved signal quality. We rather protrude to a
regime where the specific pore geometry becomes crucial for a quantitative and qualitative
understanding of redox cycling processes. Thus, the experiments performed shed light on
fundamental aspects of electrochemical reactions.
More precisely, we present in Chapter 4 nanoporous dual-microelectrodes sensors fabri-
cated using electron beam lithography. Each of the 32 electrodes on a sensor chip holds
arrays of up to 209 000 pores with minimal pore radii below 40 nm and an electrode spacing
of about 100 nm. The inter-center pore distances amounts to 200 nm, resulting in a density
of about 2.9 × 109 pores per cm2. We demonstrate the applicability of these nanoporous
sensors to detect redox-active Fc(MeOH)2 molecules with unique per-area sensitivities of
up to 9.0 mA/mM cm2. As we further elucidate the redox cycling phenomena inside the
nanoporous devices, we find the pore geometry to have a clear imapct on the current char-
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acteristics. In this context, we are able to reveal surprisingly asymmetric electrode transfer
reactions of the Fc(MeOH)24−/3−-couple. The theoretical explanations given for the observed
phenomena are further supported by numerical simulations.
To make nanoporous sensors more generally available, it is convenient to not solely rely on
top-down fabrication methods. Else, time or cost intensive clean room techniques have to be
employed for the nano-structuring process. Self-ordering nanopatterning techniques, on the
contrary, can facilitate a highly parallelized fabrication. This way, they can further exhaust
the full potential of the quasi-modular layout of laterally aligned pores, which in principle
allows arbitrarily multiplying the sensor area without a loss of structural integrity.
Despite the distinct benefits, so far only nanosphere lithography has been introduced as a
bottom-up fabrication technique of nanoporous sensors. Employing this technique pores with
diamters of 200 nm and interpore distances down to 650 nm, correlating to approximately
0.3 × 109 pores per cm2, have been fabricated.57,58 The key to a higher integration of
pores, however, might be self-assembled porous structures such as porous titania69–71 or
alumina.72–74 Being defined by the anodizing conditions, aluminum films are known for
the formation of alumina pores with easily adaptable parameters.75 A typical process with
0.3M oxalic acid at 40 V vs. platinum reference yields pores with average distances of about
100 nm.76 Similar processes including the use of sulfuric or phosphoric acid form pores with
spacings between 20 nm and 500 nm.77–79 The pore radii, which might amount to a few
nanometers only, can be tuned by subsequent etching. Further benefits are provided by
the high electrical resistivity of the once anodized film. Nanoporous alumina therefore is a
perfect candidate to be used as a permeable electrode spacing layer itself.66,80
Still, an on-chip integration of porous alumina can be challenging. Resulting in a final
connection between electrolyte and biased electrode, a direct anodization of alumina on top
of an underlying electrode will lead to rapid electrolysis.60,81–83 Considering the desired
whole-wafer fabrication of thin alumina films on structured electrodes variations in local
anodization times and thus domains of severe corrosion will be the inevitable consequence.
A further risk to the sensor’s functionality is posed by the deposition of the top electrode
onto the porous alumina. Connections of the top and bottom electrode through the pores
or occasional shortcuts at defect spots might easily render the sensor useless.
In Chapter 3.1.2 and Chapter 5 of this work, a process is presented to fabricate nanoporous
sensors with a thin alumina spacing layer in a parallel, straight-forward manner on a 4”-
wafer. Each sensor exhibits uniquely large basal areas of 9 mm2, which hold more than one
billion pores (about 15×109 pores per cm2) with approximately 90 nm distances and roughly
20 nm radii. The large sensor extensions and the specific nanopore geometry lead to a high
sensitivity of up to 3.6 mA/mM cm2 and provide the opportunity to closely investigate the
diffusive behavior of a redox-couple. Furthermore, the optional adaption of pore radii in the
lower nanometer range in combination with an electrode spacing of about 350 nm make the
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alumina sensors attractive candidates for the detection of specific binding events of small
molecules.
Due to the high geometric complexity, theoretical analyses on the developed sensors are
performed via numerical simulations. As done in literature, one segment of a patterned sur-
face can be emulated and the resulting current can be scaled up to approximate the sensor
response.59,84,85 A similar method can be applied for irregular patterns by simulating multi-
ple geometries and calculating the weighted average.86,87 In either case, the nanopatterned
arrangement is viewed as a sum of independent domains. Considering separate elements
enables investigations on effects of the local nanopattern geometry. However, impacts of
the analyte exchange between the structured interface and the surrounding reservoir are
neglected completely. As previous investigations on arrays of recessed nanoelectrodes show,
the single domain approach can therefore represent an illegitimate oversimplification.88
For this reason, we develop a model for the comprehensive description of nanopatterns,
including detailed pattern geometries, array layout and reservoir extensions in Chapter 2.11.
In Chapter 6 a neglection of the interplay of these characteristics is proven to have drastic
consequences on the predicted signal of the nanoporous dual-electrodes. Our novel model,
on the contrary, matches all explicitly emulated cases. A further comparison of the signal
calculated for our dual-microelectrode sensors to the experimental data substantiates the
validity of our novel mathematical approach. A consecutive theoretical analysis, revealing
the specific behavior of the microelectrode sensor due to its layout and dimensions, eventually
rounds up our investigations on redox cycling in nanoporous dual-electrode devices.
6 1. Introduction
Chapter 2
Fundamentals and Theory
2.1 The Electrochemical Setup in a Nutshell
The key element of electrochemistry, and therefore the present work, is given by the exchange
of electrons between an ion conductor, typically an ionic solution, and an electron conductor,
called electrode. The ionic solution might be an aqueous electrolyte, which is based on water
as a solvent and contains a certain concentration of diluted salts. For the electrode a solid
state metal, such as platinum, might be chosen. Ideally, no Faradaic currents are induced
between the electrode and the basal electrolyte. Charge at an ideal polarizable interface
is only exchanged with additional types of molecules being present in the solution. These
molecules, which are of particular interest for the experimentalist, are referred to as analyte.
Regarding a particular electrochemical reaction Rn ⇀↽ On+m +me− the analyte molecules
are either in a reduced or oxidized state. An oxidized molecule thereby features a lesser
amount of electrons, making its charge more positive than the one of the reduced molecule.
Consequently, the electric oxidation of the reduced species includes the electron transfer onto
a positively biased electrode. The inverse process, facilitated by more negative potentials,
is denoted as reduction. If this species conversion is reversible both processes can recur
periodically; positive oxidation and negative reduction currents from a particular molecule
of such a redox-active analyte can thus be repeatedly detected.
Continuous currents, however, can only be induced, if at least one further electrode is in
contact with the electrolyte. To form an electric circuit this counter electrode must serve as
a source or drain to compensate for the electrons involved in the electrochemical reactions,
which are observed at the working electrode. A third, unbiased electrode is typically used
to reference the working electrode’s potential to a fixed point, rather than giving its value
relative to the counter electrode. Here, so-called electrodes of the second kind, such as
silver/silver-chloride electrodes are used as reference electrodes. These electrodes feature
potentials being particularly stable over time in respect to the electrolyte. To set the working
electrode to a static potential versus the steady reference potential a controlled voltage
between working and counter electrode is applied by a potentiostat.
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Figure 2.1: The redox cycling process within a nanopore housing a dual-working-electrode
setup. The top electrode is set to an oxidizing potential (Etop vs. reference) and the bottom
electrode to a reducing potential (Ebot vs. reference). The flux of reduced and oxidized
molecules participating in redox cycling is indicated by blue and red arrows, respectively,
while green arrows denote the electron transfer between molecules and electrodes. Accord-
ingly, the redox active molecules repetitively transfer electrons from the bottom of the pore to
its periphery. A continuous redox cycling current −Ibot ≈ Itop is detected at both electrodes.
Using single working electrodes the species conversion by reduction or oxidation can eas-
ily exceed the supply of analyte from the reservoir. To overcome the impact of diffusion
limitation on signal magnitude and signal characteristic a dual-working-electrode, or simply
dual-electrode, setup might be considered. Setting one electrode to a reducing and one to an
oxidizing potential molecules cycling spatially between these electrodes will cycle electrically
between their oxidation states as well. By placing both electrodes in close proximity this
process called redox cycling can induce large currents. An analyte molecule cycling in a
nanopore is depicted in Figure 2.1. In specific cases, the redox cycling currents are predom-
inantly defined by the analyte’s electron transfer characteristics. These potential dependent
electron transfer probabilities can then be studied very closely by cyclic voltammetry. This
technique denotes the periodic linear sweeping of an electrode potential within a certain
potential range.
2.2. Electrode/Electrolyte Interface 9
OHP
CGC
lineardvariation
IHP OHP
Helmholtz
Layer
quasi-exponential
approach
ΦS
P
ot
en
tia
l
Metal
Electrode
CH
Distance
ΦEl
Gouy-Chapman
Layer
AdsorbeddIons
WaterdMoleculesd(Dipole)
HydrateddCation
EquivalentdCircuit
ofdthedDoubledLayer
Figure 2.2: The electric double layer at the electrode/electrolyte interface according to
Stern. Hydrated electrolyte ions are attracted to the electorde up to a certain distance,
named outer Helmholtz layer (OHP). At closer electrode distances (inner Helmholtz plane,
IHP) only adsorbed ions are found. Between those planes the potential varies linearly with
the distance. Away from the electrode, the hydrated ions establish an equilibrium state be-
tween electrostatic forces and thermal motion. Here, the electrolyte potential is approached
in a quasi-exponential manner. Mathematically, both parts of the double layer can be de-
scribed as capacitors, which are connected in series. Modified from ref. 89.
2.2 Electrode/Electrolyte Interface
When, to enable electrochemical reactions, bringing in contact an electrode and an elec-
trolyte the electron energies of both entities are likely to differ. Attracted by the opposing
material’s potential charge will build up at the electrode/electrolyte interface. As we can see
from Figure 2.2 the charge at a metal electrode will only build up right at its surface. At the
electrolyte we find a slightly more complex situation. Here, the electric conductance bases
almost exclusively on the movement of ions. Their extensions as well as their thermal motion
prevent a localized compensation of the metal potential. Consequently, the potential at the
electrolyte-site extends over a broader region. This region is referred to as the electric double
layer. It divides into an inner Helmholtz layer, also known as Stern layer, and an outer diffu-
sive Gouy-Chapman layer. Their joint boundary is the outer Helmholtz plane (OHP). It is
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defined by the minimal distance electrolyte ions usually approach the metal electrode. Since
electrode and solvated ions are surrounded by a shell of polarized solvent molecules, which
is a phenomenon called hydration, a closer approximation is unlikely. Therefore, electrolyte
molecules and metal electrons form a kind of capacitor, with a potential changing linearly
from ΦEl to Φ2 at the OHP plane. Brownian motion of the ions prevents a condensation of
all charged molecules at the closest distance. For low potential differences the shilding ions
arrange in a way that causes an exponential approach of the solution’s bulk potential ΦS
with increasing distance. The specific thickness of the layer is given by the Debye length
λD =
√
0r
RT
F 2
∑
i ciz
2
i
(2.1)
where ci describes the molar concentration of ion i with charge number zi. The constants 0
and r denote permittivity and dielectric constant, respectively, while R represents the gas
constant, F the Faraday constant and T the solution’s local temperature. Regarding a usual
electrochemical measurement, the shielding length is rather small. In an aqueous solution
holding 100 mM of a simple 1 : 1 salt, such as KCl, the Debye lenght λD amounts to 1 nm.
The exponential approximation holds up to potential differences between electrode surface
and solution of about 50 mV. At higher potentials the solution potential is approached even
more rapidly (see ref. 90, Chapter 13.3.2).
Eventually, the Gouy-Chapman layer forms a second capacitor and the electrode/electrolyte
interface can in sum be understood as a series of two capacitors. While the capacity of the
Gouy-Chapman layer varies with electrode potential and electrolyte concentration, the in-
ner Helmholtz layer represents a plate capacitor, which is limiting the overall capacity to
10− 50µF/cm2 under usual conditions.
Apart from the discussed phenomena, we also find molecules that are directly attached
to the electrode surface. Contrary to the ions on and beyond the OHP, these partially
dehydrated molecules are specifically bound via physical or chemical adsorption. Besides
electrolyte ions also ions from dissociated solvent molecules, such as H+ and O−, can ad-
sorb. Therby, adsorption can interfer with a measurement aiming at the detection of elec-
trochemical conversion reactions in three ways: Firstly, ions bound to the electrode cause a
modification of the surface potential at the inner Helmholz plane (IHP). Minimizing their
free energy, they can even increase or invert the according potential. Secondly, as adsobing
ions effect the configuration of the double layer, they tend to change the electrode capac-
ity. Lastly, the actual event of adsorption is reflected in additonal currents. Eventuall, the
binding events delicately depend on the electrode material, crystal orientation at the surface
as well as an electrode’s electrochemical history. Due to the complexity of these effects it
is advisable to choose an experimental setup, defined by analyte, electrolyte and scanned
potential window, preventing adsorption whenever possible.
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Figure 2.3: Principle of the electron transfer between an electrode a molecule. Before
exchanging an electron of a particular energy the molecule has to adapt an according con-
figuration, described by the reaction coordinate qtrans (a). The energy necessary to reach
this configuration can be expressed via a reference point at q0 at which the energy barrier
of the reduced and oxidized species is of identical height. Changing the electron energy the
barriers height might vary by distinct factors (b).
2.3 Electron Transfer
2.3.1 Transfer Probabilites
By changing the electric sate of analyte molecules from their oxidized to their reduced
state electrons are transferred from the electrode onto the molecules. Conversely, reduced
molecules oxidize by passing electrons on to the electrode. The probability of each process
is dependent on the potential difference between electrode and electrolyte. To better under-
stand the electrochemical process at an electrode we briefly investigate the common case of
a one-step one-electron transfer reaction in which one electron is directly transferred from a
molecule’s highest occupied orbit (HOMO) or to its lowest unoccupied orbit (LUMO).
First, we consider the Gibbs free energy G of an analyte molecule. The energy of the
molecule strongly correlates to the configuration of its intramolecular bindings. Depending
on the molecules oxidation state different configurations of the atoms with individual en-
ergetic minima are favored. Deviations from the ideal configuratinal state are equivalent
to an increase in binding energy. This fact is illustrated in Figure 2.3a by using a fictive
coordinate q, which might describe, for instance, the binding length between two molecular
subunits. Energetically less favorable configurations might still be induced temporarily due
to thermal excitation. When changing its oxidation state the molecule’s energy, including
the additional electron’s energy in the reduced case, changes as well.
Before the change of its oxidation state the molecule has to adopt a specific configuration
enabling the transfer of an electron with the particular energy. Within the time scale of an
actual electron exchange the molecule’s atomic configuration stays constant (Franck-Condon
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principle, ref. 90, Chapter 3.6.1). Depending on the exact position qtrans along the reaction
coordinate q a reduction of a molecule can therefore increase or a decrease of the overall
molecule’s energy from Gox(qtrans) to Gred(qtrans). In the first case, the energy gained must
be supplied by an electron, whose free energy Ge−El at a high electric state is changing towards
Ge−s in the solution. This case is sketched in Figure 2.3. The second case, on the contrary,
allows the take-up of electrons from electric states that lie below the electrolyte potential.
Consequently, we can write for the molecule and electron energies:
Gred(qtrans)−Gox(qtrans) = Ge−El −Ge−s (2.2)
To exchange an electron with energy GEl at the electrode the reacting molecule has to adopt
the nuclear configuration at qtrans, which is enabling the electron transfer. The likelihood
Pact of finding an according arrangement can be assumed to decay exponentially with the
energy difference towards the favored configuration at qmin. Due to the exponential behavior
the probability can also be given in respect to the configuration q0, which to adopt requires
equal activation energies for reduced and oxidized molecule:
P redact ∝ exp
(
− 1
kBT
[
Gred(qtrans)−Gred(q0)
])
P oxact ∝ exp
(
− 1
kBT
[Gox(qtrans)−Gox(q0)]
) (2.3)
Considering an electron with higher energies the additional energy provided will enable the
reduction of an oxidized molecule at a conformational state thermally more favorable. In
contrast, the reduced molecule has to adapt an energetically less favorable configuration to
transfer an electron of higher energy to the electrode. In Figure 2.3a this case was equivalent
to a shift of qtrans to the right. In accordance with Equation 2.2 the differential change in
energy has to sum up to
dGred(qtrans)/ dGe−El − dGox(qtrans)/ dGe−El = 1 (2.4)
As done in Figure 2.3b we can now define
α = dGox(q0)/ dGe−El (2.5)
and express Gred(qtrans) and Gox(qtrans) as linear extrapolations of the particular energies
at q0. Therefore the reaction probabilites read:
P redact ∝ exp
(
−(1− α) 1
kbT
[
Ge−El (qtrans)−Ge−El (q0)
])
P oxact ∝ exp
(
α
1
kbT
[
Ge−El (qtrans)−Ge−El (q0)
]) (2.6)
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2.3.2 Butler-Volmer Equation
Eventually, the probabilities from Equation 2.6 of adopting a specific molecular configuration
are proportional to the frequency of reaction attempts of a single molecule. On average, the
actual amount of converted molecules per unit area and time must therefore be proportional
to Equation 2.6 as well. Conveniently expressing the electron energies in terms of the elec-
trode potential EEl = GEl/e− returns potential-dependent reduction rates kro and oxidation
rates kor:
kor = ks exp
(
(1− α)f(EEl − E0)
)
kro = ks exp
(
− αf(EEl − E0)
) (2.7)
In accordance with G0 we here define the redox potential E0, at which forward and backward
rates are identical. More positive electrode potentials mean lower electron energies and
thereby an increased chance of oxidation and a reduced chance for reduction. Elementary
charge e, Boltzmann constant kb and temperature T are joined in the factor f = e/kbT , which
is more commonly given as the quotient f = F/RT of Faraday constant F , gas constant R
and temperature T . The pre-factor ks is named electron transfer rate. It compensates for
steps in the electron transfer process that are regarded to be constant. From the physical
point of view it typically includes the electron tunneling probabilities between electrode and
molecule. The exact specification of term ’transfer rate’ depends on the specific context. It
might, for instance, refer to the conversion rates kor or kro as well. The introduced parameter
α is referred to as transfer coefficient. As we have seen above, the coefficient is a measure for
the change of the species’ energy barrier when varying the electron energy. For an exemplary
value of α = 0.8 the height of the reduced molecule’s energy barrier is affected by an amount
which is four times larger than the effect on the energy barrier of oxidized molecule. For
electrode potenitals close to E0, however, α is often assumed to be 0.5.
Shifting our view from single reactions to a more total view, we easily realize that the
amount of electrode reactions of the reduced and oxidized molecules increases linearly with
the specific molar concentrations cred and cox at the electrode. Assuming electrons to be
exchanged only with the electrode’s Fermi level EF , the inward flux of electrons is thus
given by
ϕ = ks
[
cred exp
(
(1− α)f(EEl − E0)
)
− cox exp
(
−αf(EEl − E0)
) ]
(2.8)
Connecting analyte concentrations, electrode potentials and molecular net flux the above
equation is one notation of the Butler-Volmer equation. Occasionally, the overpotential is
written in a condensed form
ηEl = EEl − E0 (2.9)
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In certain cases, it can further be usefull to rewrite the Butler-Volmer equation:
ϕ = ks exp
(
(0.5− α)fηEl
) [
cred exp
(
0.5fηEl
)
− cox exp
(
− 0.5fηEl
) ]
(2.10)
According to this notation the transfer coefficient, which is actually a measure for the asym-
metry of the reduction and oxidation reactions of the mediator, can also be seen as part of a
potential dependent transfer rate k˜ = ks exp
(
(0.5− α)fηEl
)
. For α > 0.5, for example, the
transfer probability is increased at negative overpotentials, while it is decreased at EEl  E0.
Though this effect does not overcompensate the symmetric part of the potential-dependent
reaction probabilities for 0 < α < 1 higher overpotentials have to be applied to achieve fast
species conversion.
2.3.3 Nernst-Equation
The Butler-Volmer equation also includes a specific case without any net exchange between
electrode and analyte. Rewriting Equation 2.8 for the according case with ϕ = 0 we obtain
the Nernst equation
EEl − E0 = 1
f
ln
(
cox
cred
)
(2.11)
Here, EEl might describe the equilibrium or resting potential that an unbiased electrode
would adopt in a medium with a certain concentration ratio cred/cox. Inversely, an elec-
trode biased to an arbitrary EEl will always shift the proportion of oxidized to reduced
species towards the concentration ratio given in the above Equation 2.11 to reach Nerstian
equilibrium.
2.3.4 Faraday’s Law
The detectable electrode current I at the electrode can be calulated directly from the molecu-
lar flux towards the electrode. Obviously, the current is directly propotional to the integrated
net-conversion at the electrode. As for a one-electron reaction every mole of species oxidzing
deposits one mole of electrons, the integrated molar flux simply has to be multiplied with
the negative Faraday constant F :
I = −F
∫∫
S
ϕ dA (2.12)
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2.4 Molecular Diffusion
2.4.1 Gaussian Process
While species conversion at an electrode changes the surface concentrations of reduced and
oxidized species towards the potential-dependent equilibrium, the process of diffusion can
be considered to be the motor for continuous electrode currents. Basically, diffusion is
the stochastic displacement of analyte molecules induced by thermal motion. In sum, a
particle will be relocated by a distance x − x0 from its origin x0 after time t. Undergoing
three dimensional Brownial motion, the likelyhood to be found at x is given by a Gaussian
probability density
G(x, x0, t) =
1√
2pi σ
exp
(
−(x− x0)
2
2σ2
)
(2.13)
The mean square displacement σ might describe the overall relocation of a molecule σvol
or it might refer to the distance traveled along a certain axes σaxes of a three-dimensional
volume:
σvol =
√
6Dt , σaxes =
√
2Dt (2.14)
The diffusion coefficient D of a particle can be related to the temperature T of the observed
system and to the particle’s mobility µ as individually found by Einstein and Smoluchowski:
D = µkbT (2.15)
2.4.2 Fick’s Laws
Eventually, the Gaussian distribution represents a specific solution of the more general Fick’s
second law
∂c(x, t)
∂t
= ∇
(
D(x, t)∇c(x, t)
)
(2.16)
For spatially invariant diffusion coefficients D this inhomogeneous linear differential equation
states that the temporal change of species concentration c linearly depends on the local
curvature of the concentration. Fick’s first law further links the gradient of a species to the
species’ flux:
ϕ(x, t) = −D(x, t)∇c(x, t) (2.17)
In the present work, D is regarded to be constant in space and time. Additionally, we will
mostly investigate analyte distributions that have established a quasi-steady state. In this
case, temporal variances contribute only insignificantly to the solution of Equation 2.16. As
we do not assume any source terms within the volume we can therefore write Fick’s second
law as a Laplace’s Equation:
∆c(x, t) = 0 (2.18)
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2.5 Combining Reaction and Diffusion
2.5.1 Boundary Conditions
Eventually, Fick’s first law 2.17 and the Butler-Volmer equation 2.8 can be combined to
calculate the typical behavior of electrochemical setups. Both Equations are linked via the
species’ flux. Fick’s first law represents a linear partial differential equation. The Butler-
Volmer equation is a type of Robin boundary condition defining the concentration-depended
flux-density of a species perpendicular to the electrode surface.
−Di∇ci(x, t) ·n(x) = −kji(x, t)ci(x, t) + kij(x, t)cj(x, t) (2.19)
Here n(x) denotes the normal-vector of the boundary pointing into the volume. To non-
electrode boundaries of a considered volume other types of boundary conditions are applied.
No-flux conditions describing reflecting walls, for instance, are expressed by Neumann con-
ditions set to zero:
∇ci(x, t) ·n(x) = 0 (2.20)
Transitions to infinite reservoirs are often represented by interfaces satisfying Dirichlet
boundary conditions. In such cases, the concentration of an analyte at the particular region
of the periphery is fixed to:
ci(x, t) = cfixi (x) (2.21)
2.5.2 Green’s Function for Diffusion
In special cases, the Gaussian distribution or modifications thereof can be used as a Green’s
function to describe the spatio-temporal development of an initial analyte distribution ci(x, t).
For diffusion in a free volume, the Equation 2.13 can directly be multiplied with the initial
concentration and integrated according to:
ci(x, t) =
∫ ∞
−∞
G(x, x0, t) c(x0, t = 0) dx0 (2.22)
Other functions exist, if basic boundary conditions are involved. With a reflective wall at
x = 0 the appropriate Green’s function reads91
G+(x, x0, t) = G(x, x0, t) +G(x,−x0, t) (2.23)
To emulate boundaries with c(0, t) = 0, which applies to electrodes with instant species
conversion, one simply has to invert the sign of the mirroring term:
G−(x, x0, t) = G(x, x0, t)−G(x,−x0, t) (2.24)
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2.5.3 Fundamental Solutions
Due to the linearity of Fick’s law, the solution for the concentration distribution ci(x, t)
of a system with a given set BCall = {BC1, ..., BCM} of Neumann and Dirichlet boundary
conditions can simply be written as the sum of specific solutions. For instance, one boundary
condition can be set to its explicit value while all others are set to zero. The superposition
of these fundamental solutions
ci(x, t) |BCall =
M∑
m=1
ci(x, t) | {..., 0, BCm, 0, ...} (2.25)
satisfies Fick’s second law (Equation 2.16) and fulfills all boundary conditions. Therefore,
it is a solution of the original problem. This is also true for steady state problems, which,
however, might in some cases have to be reduced to non-steady-state solutions.
2.5.4 Equality of Flux
We now consider a steady state with two species i and j in an enclosed source-free volume V .
The flux of the two species should be coupled at the volume boundaries δV according to
ϕ
i
(x) ·n(x) = −ϕ
j
(x) ·n(x) | x ∈ δV (2.26)
Assuming the ratioDi(x)/Dj(x) of the species-dependent diffusion coefficients to be constant
within V , we find that
ϕ
i
(x) = −ϕ
j
(x) (2.27)
is a solution of ϕ
i
(x) fulfilling Equation 2.26 if ϕ
j
(x) is the solution for species j. It must
further be the only solution since all other solutions would have to differ by
ϕadd
i
(x) ·n(x) = 0 ∀ x ∈ δV (2.28)
which only includes the non-flux solution ϕadd
i
(x) = 0.
Relation 2.27 is also true if the concentrations at one boundary δV1 are set to constant
values
(ci(x), cj(x)) = (cfixi , c
fix
j ) | x ∈ δV1 (2.29)
while all other boundaries are described by Equation 2.26. We see that
ϕ
i
(x) = −ϕ
j
(x) (2.30)
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is again a solution if Di(x)/Dj(x) = const. It must be the only solution because other
solution can only differ at the non-fixed boundaries δV2 by
ϕadd
i
(x) ·n(x) = 0 ∀ x ∈ δV2 (2.31)
Additional flux can only be induced at δV1. However, each species’ concentration is homoge-
neously set to a specific value and no flux can be induced from one point of δV1 to another.
Again, ϕadd
i
(x) only includes the non-flux solution. Eventually, Equation 2.27 applies to all
stationary systems used within this work.
2.5.5 Conserved Quantities
As we find, the cases dicussed in the above Section 2.5.4 lead to fluxes of the two species
exactly opposing each other all over the reservoir. Applying Fick’s first law (Equation 2.17)
we can therefore write
−Di(x)∇ci(x) = Dj(x)∇cj(x) (2.32)
For spatially constant diffusion coefficients Di and Dj an integration along an arbitrary path
between two points a and b returns:
Dici(xa) +Djcj(xa) = Dici(xb) +Djcj(xb) (2.33)
Consequently, we find the quantity Dici(x) +Djcj(x) to be conserved within V :
Dici(x) +Djcj(x) = const (2.34)
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2.6 Analyte Flux towards Electrodes
Regading on-chip electrode systems, electrochemical detection is often performed using disk
electrodes. Due to the relatively simple geometry and a straight-forwards on-chip implemen-
tation disk electrodes might further serve as a convenient reference for the characterization
of other sensors. For a theoretical approximation of the analyte flux towards a circular elec-
trode, Equations 2.19-2.20 have to be applied to the proper boundaries and Equation 2.18
has to be solved considering the initial reservoir concentraions ci(x, t) and cj(x, t). The half
space representing the reservoir above the electrode can be assumed to be infinite. Initially,
the reservoir might contain a homogeneous distribution cresi of species i only. Beeing electri-
cally inactive for t < 0, the electrode potential might be set to a potential that is initiating
full conversion of species i to species j upon t = 0.
Though the depicted case seems rather simple, no comprehensive method is known to
analytically calculate the electrode flux. Still, analytic solutions have been suggested by
Aoki and Osteryoung for specific time domains.92 Shoup and Szabo succeeded to combine
the approaches in an empirical formula giving the integrated flux towards a disk electrode:93
Φ = 4Di cresi rEl f(τ) (2.35)
Here,
f(τ) = 0.7854 + 0.8862 τ−1/2 + 0.2146 exp(−0.7823 τ−1/2) (2.36)
is a time-dependent function with τ denoting a dimensionless parameter, which is including
time t, diffusion coefficient Di and the electrode radius rEl:
τ = 4Dit/r2El (2.37)
The flux towards a disk electrode approximately decays with τ−1/2 for short times up to about
τmax ∼ 0.5. Assuming electrodes with radii in the 1µm− 100µm range and a diffusion con-
stant of Di ∼ 10−5 cm2/s, this value correlates to time spawns of 0.1 ms to 1 s, respectively.
Interestingly, the initial decay is similar to the behavior of a hypothetical electrode with in-
finite extension. This case of linear diffusion is described by the Cottrell-Equation94 yielding
the flux density
ϕ =
(
Di
pit
)1/2
cresi (2.38)
Other than for an infinite electrode, however, we find a constant non-zero flux at the disk
electrode for t→∞. As f(τ) in Euqation 2.35 approaches unity on the long term, the flux
linearily depends on diffusion coefficient Di, initial reservoir concentration ci, and electrode
radius rEl. A closer view on the generated species j and the overall analyte concentrations
at the different electrode geometries is given in Appendix B.
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2.7 Cyclic Voltammetry at Disk Electrodes
Cyclic Voltammetry describes a basic technique using temporarily varying electrode poten-
tials. The potential of a working electrode is thereby increased linearly between a mini-
mum and a maximum value. The process of changing the electrode potential with a con-
stant rate is often referred to as sweeping. Reaching the maximum value, the sweep rate
v = dU/ dt is inverted and the electrode potential is continuously decreased to its mini-
mum value again. While varying the potential the potential-dependent currents towards the
electrode are recorded. As oxidation or reduction of an analyte is initiated only above or
below a specific potential, separate analyte reactions may be distinguished. Additionally,
background currents might be identified more easily. Being of major interest for the present
work, however, potential-dependent currents can deepen the understating of a sensor’s elec-
trochemical behavior. Simultaneously, the kinetic and diffusive characteristics of the utilized
analyte can be investigated.
2.7.1 Analyte Currents
In the following, we briefly present the currents induced by an analyte at a single disk elec-
trode undergoing cyclic voltammetry. As an example, an emulated current trace is presented
in Figure 2.4 for an analyte with species indipendent diffusion constantsDeq = 1×10−5 cm2/s
and reservoir concentrations of (cred, cox) = (0.9M, 0.1M). Assuming typical sweep rates of
about 10 mV/s − 100 mV/s the diffusive profile at electrodes in the sub-micrometer regime
can perfectly adapt the distribution expected for steady state. At sufficiently positive and
negative overpotentials we consequently find constant currents, which are monotonically
changing from minimum to maximum within a 120 mV transition regime. The ratio of the
current amplitudes returns the species composition of 9:1 of the analyte. Furthermore, the
forward and backwards currents virtually overlap. In sum, the detected flux reflects the
Nernstian behavior (Equation 2.11) of the analyte species at the electrode surface. As the
flux towards the electrode is linearly depending on the differences between electrode and
reservoir concentration, the surface concentration of the oxidized species can be written as
cox ∝
[
1 + Dred
Dox
exp
(
−f(EEl − E0)
)]−1
(2.39)
Using electrodes in the micrometer regime, on the contrary, the impact of the unidirectional
flux towards the electrode becomes predominant. When, for instance, passing between the
reducing and oxidizing potentials the initiated, yet quickly depleting conversion of molecules
at the electrode center causes a distinct current overshoot. An ongoing reaction of species
accumulated at opposing potentials is further visible up to the maximum overpotentials:
Firstly, a continuous separation of the current traces for forward and backward sweeps is
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Figure 2.4: Simulated faradaic currents originating from analyte reactions at (a) a nanodisk
(rEl = 50 nm) and (b) a microdisk electrode (rEl = 50µm) in a hemispherical volume. The
diffusion coefficient assumed is Deq = 0.5× 10−5 cm2/s, the transfer rate is ks = 5 cm/s and
the sweep rate amounts to v = 50 mV/s. Contrary to the nanoelectrode the signals derived
from the microelectrode feature a hysteresis effect leading to peak currents and a separation
of forward and backward sweep.
visible and, secondly, the current ratio does not match the 9:1 ratio of reduced and oxidized
species in the reservoir. Eventually, the flux towards an electrode depends on the electrode’s
diffusive coupling towards the reservoir in a rather complex way.
2.7.2 Capacitive Effects
In the experiential case, the measured analyte currents depicted in Figure 2.4 are su-
perimposed by capacitive currents originating from the electric double layer at the elec-
trode/electrolyte interface. For a disk electrode of radius rEl this extra current is given by
Ic = pir2El vCspec , v = dE/ dt (2.40)
As the specific capacitance typically lies within the range of 10− 50µF/ cm2, the capacitive
currents are situated below the nano-ampere regime when sweeping an electrode with a
100µm radius with a rate of 50 mV/s. At millimeter dimensions the currents reach 100 nA.
Increasing linearly with the electrode area, the capcitive currents can eventually exceed the
faradaic currents, which only increase with the electrodes radius.
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Figure 2.5: The redox cycling behavior between two planar electrodes. If the top electrode
is set to an oxidizing and the bottom electrode to a reducing potential (a) oxidized species
build up at the top electrode and diffuse towards the bottom electrode. The net flux of
the reduced species exactly opposes the one of the oxidized molecules. (b) Schematic cyclic
voltammogram for a sweeping top electrode when keeping the bottom electorde fixed to a
reducing potential. High currents are obtained for Ebot  E0  Etop.
2.8 Redox Cycling
As we saw in the previous section, the analyte signal derived from a microelectrode is largely
dominated by diffusion. Changing the size of a microdisk, for instance, will lead to a signal
growing proportionally to the radius rather than to the area. Considering a detection of
localized events, like the release of molecules from a cell, the signal is not improved by an
additional electrode area after all. In such cases, only a limited number of molecules might
be present at the sensor site. According to Faraday’s law, the charge transferred from a
single electrode reaction was then restricted to
QnoRC = nze− (2.41)
Here, n denotes the number of reacting molecules, z the number of electrons transferred
per molecule, and e− the electron’s elementary charge. Regarding the detection of analyte
molecules that are capable of being repetitively reduced and oxidized, however, the above
limitation can be overcome. In principle, an unlimited number of electrode reactions can be
detected even from a single molecule.
2.8.1 Dual-Electrode Sensing
A convenient way to multiply the currents is the use of a dual-electrode sensor. Biased
individually to potentials below and above the redox potential the electrodes locally induce
the analyte’s reduction or oxidation. Again, molecular diffusion leads to a species exchange
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between both electrodes. Cycling between the electrodes, and consequently between its
oxidation states, every molecule contineously contributes to electron transport from the
reducing to the oxidizing electrode. The process is depicted in Figure 2.5a for two planar
electrodes facing each other. In this example the top electrode is biased to an oxidizing
potential (Etop  E0) while the bottom electrode is set to Ebot  E0. Consequently, an
oxidized molecule reaching the bottom electrode changes to its reduced state by receiving the
z electrons involved into the reduction reaction. Driven by Brownian motion, the additional
charge is carried upwards (blue arrow) until the molecule reaches the top electrode and
the electrons are passed on. After diffusing back to the bottom electrode (red arrow) the
recurring reduction of the molecule simultaneously marks the end of one and the start of a
new redox cycle.
Relative to the inter-electrode distance the electrode extensions of a planar electrode sensor
can be assumed to be quasi-infinite. Consequently, the local net-flux ϕred of the reduced and
ϕox of the oxidized species is solely aligned perpendicular to the electrode surfaces. The
concentrations of a particular species building up at one electrode therefore decay linearly
towards the opposing electrode. The exact values depend on the applied electrode potentials
as well as the diffusion coefficients of both species. Considering a steady state, however, the
fluxes of both species exactly oppose each other (see Section 2.5.4).
Contrary to the moderate diffusive speed on macro-distances, the high-speed displace-
ments of diffusion on the small scale facilitate a rapid electron exchange. As the average
shuttling time between two electrodes is proportional to their squared distance h2 (compare
Section 2.4.1 and ref. 19) we can, in case of instant electrode reactions, write the average
current for n molecules participating in redox cycling as
IRC = nze−
Deq
h2
(2.42)
The investigations on sensors and analyte properties presented in this work are performed
by sweeping one electrode and holding the opposite electrode at a constant potential. As
redox cycling is a joint result of molecule conversion at both electrodes, the currents at
both electrodes are potential-dependent. Thus, they are given in respect to the sweeping
electrodes potential. A schematic view on the voltammetric behavior is given in Figure 2.5b.
Here, the bottom electrode is biased to the minimum value of the cycling top electrode’s
potentials. Thus, no current is detected at either electrode as long as the top electrode
is set to a reducing potential as well. Swept to more oxidizing potentials redox cycling is
induce around the redox potential E0. At high enough overpotentials a plateau current IRC ,
given by Euqation 2.42, is reached. In a closed system the magnitudes of the redox-cycling
currents are exactly identical for both electrodes, while their sign differs. Additional currents,
however, might arise from molecule exchange with a reservoir.
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2.8.2 Sensitivity and Selectivity
If the working electrodes are placed in close proximity the redox-cycling molecules can in-
duce large currents. Especially in a restrained volume with a fixed set of molecules the
currents are continuously high, while they are quickly depleting using single electrode re-
actions only. According devices are represented by so called nanofluidic channels featuring
planar electrodes, which are placed on two of the channel’s opposing faces. Due to close elec-
trode spacings down to 50 nm and a weak diffusive coupling to the reservoir relative current
multiplications of more than 104 have been reported.49,50 This factor particularily reflects
the sensor’s selectivity. When each of the electrodes is biased to a distinc potential, certain
species might repetitively be reduced and oxidized. For redox cycling to occur, however, the
redox potential of the particular molecule has to lie within the applied potential window.
For other, redox-inactive molecules not more than one electrode reaction can be detected.
Owing to this priciple, substances with redox potentials differing by ∆E0 = 120 mV can
nicely be distinguished.25,95
Another way to characterize the magnitude of the redox cycling currents was the compar-
ison with a single disk electrode occupying an indentical basal area A:
Θ = IRC/Idisk(Adisk = ARC) (2.43)
This classification is of special interest when considering the gain in current or, in other
terms, the decrease of the detection limit of a specific electrode reaction compared to con-
ventional single-electrode approaches. On the one hand, higher Θ mean less disturbances
of background currents induced by the electrode capacity and by adsobtion. On the other
hand, according amplifications denote the suitabity of an electrochemical sensor concerning
the ongoing minituarization towards lab-on-a-chip devices.
2.8.3 Enclosed Form of Redox Cycling Currents
For a more comprehensive understanding of the potential-dependent behavior of redox cy-
cling currents, we will closer investigate the basic case of one-dimensional diffusion. As we
will do in the follwing, the current characteristics can be derived analytically. Considering
the redox cycling flux in Figure 2.5a we find that in steady state the upward flux of the
reduced species must exactly oppose the downward flux of the oxidized species (compare
Equation 2.32) while it also is constant along the channel. Furthermore, the inward flux
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at both electrodes must match the above fluxes as well. Without loss of generality we can
therefore derive from Fick’s firs law and linear species conversion at the electrodes:
ϕ = −2Dred
h
(ctopred − cmeanred ) , ϕ = −ktopor ctopred + ktopro ctopox , ϕ = 2
Dox
h
(ctopox − cmeanox ) (2.44)
ϕ = −2Dred
h
(cmeanred − cbotred) , ϕ = +kbotor cbotred − kbotro cbotox , ϕ = 2
Dox
h
(cmeanox − cbotox ) (2.45)
Here, we introduce the average concentrations of cmeanred and cmeanox , which are, due to the
linear profile of both species along z, equal to the concentration at z = h/2. For the overall
concentration we can further write
cmeansum = cmeanred + cmeanox (2.46)
Sucessively expressing cmeanred by cmeanox once via the upper electrode (Equation 2.44) and once
via the bottom electrode (Equation 2.45), substituting cmeanox by cmeanred via Equation 2.46 and
eradicating cmeanred by equating the two resulting equations eventually yields the ratio:
ϕ = cmeansum fa
(
h
2Dred
fred +
h
2Dox
fox +
1
ktops
f top + 1
kbots
f bot
)−1
(2.47)
where
fa =
1
ktops kbots
(
ktopor k
bot
ro − ktopro kbotor
)
fred =
1
ktops kbots
(
ktopor k
bot
ro + 2ktopor kbotor + ktopro kbotor
)
fox =
1
ktops kbots
(
ktopor k
bot
ro + 2ktopro kbotro + ktopro kbotor
)
f top = 1
kbots
(
kbotor + kbotro
)
f bot = 1
ktops
(
ktopor + ktopro
)
(2.48)
The derived equations are a novel, very general decription of the redox cycling flux between
two electrodes. No assumptions are made other than the reaction’s linearity in molecule
concentration and the free diffusion of molecules between the electrodes.
More specifically considering the Butler-Volmer equation, however, the notation of the
factors f refers to the transfer rates ktop,botro,or , which are a product of a constant pre-factor ktop,bots
and a potetnial-dependent exponential term (compare Equation 2.7). From this persepective,
the factors ktop,bots in Relations 2.48 represent a normalization factor; the variables f only
include the normalized potenital-dependent part. Eventually, we obtain by substitution:
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fa = sinh(0.5f(ηtop − ηbot))
fred = cosh(0.5f(ηtop − ηbot)) + exp(+0.5f(ηtop + ηbot))
fox = cosh(0.5f(ηtop − ηbot)) + exp(−0.5f(ηtop + ηbot))
f top = exp((αtop − 0.5)fηtop) cosh(0.5fηbot)
f bot = exp((αbot − 0.5)fηbot) cosh(0.5fηtop)
(2.49)
In any case, the redox cycling flux is limited either by the ratio of h/Dred,ox, and thus
by a high electrode distance or slow diffusion, or by 1/ktop,bots , which is corresponding to
slow transfer rates. Assuming Butler-Volmer coefficients as in Equation 2.49 we can derive
a substential limiting case: If high opposing overpotentials are applied to top and bottom
electrode we can follow, that
ϕmax = cmeansum
2DredDox
Dred +Dox
1
h
| 0 < αtop,bot < 1 (2.50)
Consequently, the cycling flux increases linearly with a decreasing electrode spacing h. In
accordance with Equation 2.42 the contribution per molecule even increases with h−2 as
the number of molecules between the electrodes is itself proportional to h−1 for a constant
concentration. The maximum current, as predicted by the Butler-Volmer model, is not
limited by electron transfer reactions as long as high enough overpotentials can be applied
and the transfer rates are within the range of 0 < αtop,bot < 1.
2.8.4 Impact of Kinetics on Current Characteristics
Unlike for redox cycling at micro-geomteries, the species conversion at nano-devices cannot
always be assumed to occur instantaneously. In the present work, more precisely in Chap-
ter 4, conversion probabilities and their consequential impacts on redox cycling are reflected
in the recorded voltammograms. While the electron transfer rates ks are situated between
0.1 cm/s to 10 cm/s, the electrode overpotentials are kept within a range of ηmax = ±300 mV.
Diffusion coefficient and electrode distance amount to about Dred,ox ∼ 0.5× 10−5 cm2/s and
h ∼ 100 nm, respectively. Due to these experimental conditions we gain an insight into an
interesting regime, which also shows a clear dependence on the specific electrode arrange-
ment.
The basic redox cycling characteristics for parameters corresponding to our experimental
conditions is presented in Figure 2.6. Here, we set one electrode to a fixed overpotential of
−300 mV, while sweeping the other one between −300 mV and +300 mV. For a symmetric
transfer coefficient α = 0.5 and a high transfer coefficient of ks = 5 cm/s the graph is divided
in three rather distinct phases (Figure 2.6a-i). In the lower potential regime the net flux of
species between both electrodes is virtually zero as both electrodes are biased to reducing
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Figure 2.6: Redox cycling currents of the oxidizing electrode in a nano-channel with 100 nm
height for an analyte with Deq = 0.5× 10−9 cm/s. Though large maximum currents can be
reached, both transfer rate (a) and transfer coefficient (b) can have a clear impact on the
potential-dependent currents. The rates ks assumed in (a) are 5 cm/s (i), 0.5 cm/s (ii), and
0.05 cm/s (iii) for α = 0.5 while the rate in (b) is set to ks = 0.5 cm/s and the transfer
coefficient α varies between 0.5 (i), 0.7 (ii), and 0.9 (iii).
potentials. Considerable differences in the species concentration are only obtained when
sweeping the electrode potential beyond −120 mV. Above this value the sweeping electrode
increasingly converts reduced molecules supplied by the non-sweaping electrode, while con-
versely supplying it with oxidized species. After a phase of almost linear increase around the
resting potential E0, the resulting flux levels off at its maximum value when reaching about
+120 mV. A further increase in potential barley affects the flux because the redox cycling
process is here limited by diffusion. In other terms, the analyte at the respective electrode
is almost completely reduced or oxidized considering limiting potentials of ±300 mV. Fur-
thermore, the potential-dependent flux is directly proportional to the species’ concentration
difference. As the concentration of oxidized analyte is zero at the reducing electrode, we can
conclude even more generally that the redox cycling flux directly correlates to the absolute
concentrations of the oxidized species at the sweeping electrode. Consequently, the graph
for high transfer rates unveils a Nernstian behavior of the considered electrode.
When decreasing the transfer rates to ks = 0.5 cm/s (Figure 2.6a-ii) the conversion at
the sweeping electrode is not fast enough to hold up Nernstian equilibrium over the whole
potential range. The most noticeable result is a shifted point of maximum increase. This
might be attributed to a general broadening of the curve towards higher overpotentials.
Eventually, the maximum flux is induced at about 220 mV vs. E0. In contrast to the previous
case the graph for ks = 0.05 cm/s (Figure 2.6a-iii) is broadened to a degree that the diffusion
limited case is not even reached at 300 mV overpotential.
As we can see from Figure 2.6b, also the transfer coefficient α can largely influence the
redox cycling behavior. While curve i with α = 0.5 and ks = 5.0 cm/s is only slightly
shifted, higher transfer coefficients cause a much slower approach of the diffusion limited
case above E0. With a coefficient of α = 0.9 the according graph even features two separate
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phases with distinct gradients. To understand the effects of α on the electrode reactions, one
might consider the reactions to be impaired at positive overpotentials due to α 0.5 (2.10).
In our example, a potenital of 300 mV is not sufficient to reach quasi-instant conversion. In
case of α 0.5 the currents for opposing overpotentials remain below the diffusion limited
value as well. In this case, the reactions at the reducing electrode limit the redox cycling
process. The shape of the according graphs, which are not presented in Figure 2.6b for
reasons of clarity, is related to scaled version of fast, symmetric case in Figure 2.6a.
Finally, it remains tobe said that the redox cycling currents bear a certain resemblance to
the currents of the nano-disk electrode in Figure 2.4. No current overshoots are found and
overlapping forward and backwards sweeps indicate a quasi-steady state. Unlike the single
electrode, however, the signal strength at a redox cycling setup is less dependent on analyte
exchange with the reservoir as each electrode is supplied by the opposite one with reactant
species. Hence, the signal magnitude increases linearily with the sensor extensions. More-
over, the redox cycling device can be scaled up without loosing the beneficial nanoelectrode
characteristics.
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Figure 2.7: The analytes (a) hexacyanoferrate Fe(CN)4−/3−6 and (b) ferrocene-dimethanole
Fc(MeOH)0/1+2 used for electrochemical characterizations.
2.9 Redox-Active Analytes
Within the present work, two analytes are employed to characterize the developed sensors.
One analyte is called hexacyanoferrate, the other one is named ferrocene-dimethanole. Their
chemical structure is depicted in Figure 2.7. Both analytes are based on iron as the redox-
active center. In its reduced state the central ion is present as Fe2+. Embedded in the molecu-
lar structure, the ion is oxidized via an one-step one-electron outer-shell reaction to Fe3+. As
the ligands of the two molecules differ, each analyte features a distinct charge. Hexacyano-
ferrate, which is featuring six cyanide ions (CN)1−, is found as Fe(CN)4−/3−6 . Ferrocene-
dimethanole, holding two cyclopentadienyl-methanol complexes (C6H7O)1−, is present as
Fc(MeOH)0/1+2 .
The diffusion constant of the Fc(MeOH)0/1+2 -couple is reported to amount to
Deq = 6.3× 10−6 - 6.7× 10−6 cm2/s in various electrolytes.50,96–98 Latest results suggest,
that the exact value in a KCl-solution depends on the molecules oxidation state via
Dox/Dred = 0.80 - 0.83,51 which was consistent with the behavior of the Fc0/1+-couple in
acetonitrile.99 A similar behavior is found for Fe(CN)4−/3−6 . Here, the ratio Dox/Dred in KCl
electrolytes amounts to 1.17− 1.24. The diffusion constant reported for Fe(CN)4−6 is Dred =
6.1× 10−6 - 6.6× 10−6 cm2/s, while the value for Fe(CN)3−6 is given by Dox = 7.4× 10−6 -
7.8× 10−6 cm2/s.100–102
Eventually, the molecular structure affects the analyte’s basic electron transfer charac-
teristics as well. The electron transfer of Fe(CN)6 occurs at electrolyte-dependent redox
potentials E0 spawning a large range from 180 mV - 450 mV103,104 with transfer rates lying
in the range of ks ∼ 10−2 cm/s - 10−1 cm/s.103 The redox-potentials reported for Fc(MeOH)2
are rather constantly found at about 250 mV.50,97,105 Its rate constant is situated in the
range of ks ∼ 1 cm/s - 10 cm/s.50 In Chapter 4, we further investigate the transfer coefficient
α of the ferrocene complex.
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Figure 2.8: Schematic cut section of a nanopores alumina template. During the anodiza-
tion process the electric field applied causes dissolution of alumina at the oxide/electrolyte
interface while simultaneously facilitating its formation at the metal side (a). Along with
mechanical stress induced by expanding oxide the field further guides the pores towards a
regular arrangement. In the optimal case the pores form a hexagonal pattern (b).
2.10 Nanoporous Alumina
Considering the fabrication of nanoporous devices it is advisable to find approaches which
are capable of quick and cost-effective patterning of large areas in a parallel manner. Here,
bottom-up techniques utilizing self-organizing processes seem to be the means of choice.
Mainly driven by capillary forces marco- or nanospheres, for instance, are known to align
hexagonally on a liquid/gas interface. This effect is exploited in nanosphere lithography
when evaporating the dispersion medium of a nanosphere-colloid on a substrate.106 Using
multi-block copolymers, on the contrary, the formation of nanopatterns relies on the phase
separation of distinct blocks making up a previously deposited polymer.107,108 Beneficial for
the fabrication of nanoporous dual-electrode sensors, both approaches have been reported
to yield feature sizes below 50 nm. Nanosphere lithography has even led to the fabrication
of devices holding regularly arranged pores with diameters of 500 nm.57,58 In a similar way,
diblock copolymers might provide templates to structure sensor electrodes.
Another process to obtain nanopatterend substrates is the anodization of aluminum. As
we can see from 2.8b, nanoporous alumina films offer parallel arranged and homogeneously
spaced nanopores in an aluminum oxide matrix. The pore geometry can reliably be controlled
by the anodization parameters. Minimal pore radii of a couple of nanometers with interpore
distances of less than 20 nm have been reported.78 The pore depth, on the contrary, can reach
more than 100µm.73 A certain benefit, distinguishing alumina films from other self-arranging
approaches, is the possibility to fabricate electrically insulating films of high mechanical
integrity directly on a substrate. As we will show in Chapter 5 the films can directly be used
as a nanoporous spacer in a dual-electrode device without the need for pattern transfer.
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Along with the growing interest on nanofabrication nanoporous alumina films have been
frequently used in a large range of applications. So the films have proven to be suitable
as templates for the fabrication of nanotubes109,110 and -pillars.111,112 They are, however,
also used as membranes in biomedical application, where they facilitate a close adhesion
of tissue113 or support single biological membranes.114 Furthermore, the use of alumina
nanopores has led to interesting approaches in electrochemical sensing. Molecules specifically
binding to pore walls have been detected due to the induced change of the effective pore
diameters and the resulting trans-membrane currents.66,80,115
The wide use of porous alumina membranes might be a result of the convenient fabrication
principle. To induce the growth on nanopores in aluminum, the substrate has to be immersed
in an acidic electrolyte and an anodic voltage has to be applied. The formation process is
depicted in Figure 2.8a. After a rapid formation of an initial alumina barrier layer, the
alumina starts to be dissolved. Facilitated by the electric voltage, dissolution preferably
occurs at random nuclei, such as surface inhomogeneities or defect spots. Simultaneously,
the electric potential at the oxide electrolyte interface also initiates a continuous formation
of hydroxide and atomic oxygen. Guided through the oxide the anions mostly react with
the Al3+-ions at the metal/oxide interface building up new aluminum oxide. Eventually,
a continuous formation and dissolution leads to a constant growth of oxide-pores into the
aluminum. The expansional stress at the pore bottoms thereby repels pores growing in close
proximity while variances in the electric field attract pores towards unoccupied locations.
Eventually, the pores form a perfectly arranged pattern with a dense hexagonal packing.
The pore’s sizes as well as their interpore distances depend on the used acid and the applied
voltage. A typical acid used is oxalic acid, which yields interpore distances of roughly 100 nm
when anodizing the aluminum at 40 V. Other common processes utilize sulfuric acid at about
20 V for the fabrication of cells of 50 nm dimensions or phosphoric acid applied at up to 200 V
to reach cells of 500 nm size.77,116,117 If desired, the pore diameter can be increased after
template fomration using chemical etching. Techniques like chemical vapor deposition or
the deposition of polymer or metalorganic layers from an electrolyte, on the contrary, can
be used to decrease the pore diameter.118–121 Furthermore, pore geometries with high aspect
ratios can be reached with ease. For instance, pores of more than 100µm length have been
reported by the Gösele group.73 However, the characteristics and principles of nanopore
growth, including the behavior at inter-metallic interfaces,122 are still subject of current
investigations. For a detailed view on fabrication and application of nanoporous alumina
films the interested reader might be referred to ref. 74, 75,123 and 124.
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2.11 Flux Towards a Nanopatterned Sensor
Regarding nano-electrochemistry in general, and nanoporous redox-cycling sensors in partic-
ular, the specific geometry of an electrode arrangement has a unique impact on the deduced
electrochemical signal. While an appropriate description of the electrochemical characteris-
tics might depend on a detailed simulation of these nanostructures down to a few nanometers,
we typically find the structures arranged on areas of micro- to millimeter dimensions. As we
will see in Chapter 5, billons of nanostructures can be found on a sensor. These structures
can not be captured in detail by either analytical or numerical calculations. Consequently,
the theoretical investigations performed are usually restricted to a certain domain of the
nanopatterned sensor. For an actual simplification, the single diffusion domain - or cell -
is assumed to be diffusively independent of all other parts of the sensor.84–86 No species
exchange between different domains of the sensor is included. Likewise, the lateral species
exchange with the reservoir is neglected. However, the volume surrounding the structured
electrode arrangement will react upon the concentration distribution on the sensor, thus al-
tering its behavior. Detailed investigations on this matter have been performed by Godino et
al. concerning arrays of recessed nano-electrodes.88 In this work, we will further illuminate
the severe impact of radial diffusion on porous dual-electrode sensors.
Based on these observations we find that it is not necessarily clear, how and to what degree
the effects of macro- and nano-geometry influence one another. Misleading conclusions
might be drawn from obtained signal characteristics and, conversely, erroneous predictions
might be made regarding the layout of novel devices. Therefore, it is beneficial to find a
comprehensive model of a sensor’s nano- and micro-geometry to eventually understand the
diffusive interplay on different spatial levels. Furthermore, a joint description would allow
the temporarily resolved emulation of locally restricted events, which is crucial, for instance,
for investigations on the release characteristics of neurotransmitters in cellular networks.6
A hint how to handle the different levels of geometry on a nanopatterned sensor is given
by the general treatment of electrodes, which are partially blocked by thin layers.85,125 For
appropriately slow sweep rates those electrodes can be described using decreased electron
transfer rates ks. The value of those effective transfer rates is proportional to the non-blocked
area. A similar approach can be made for roughened electrodes, where the apparent transfer
rates increases with the area.126,127 These modified transfer rates can then be inserted in
the usual Butler-Volmer equation as the standard rate constant. When emulating the whole
sensor only the micro-geometry has to be considered.
In the following, we present a method extending the above idea of condensing the char-
acteristics of a patterned surface to single coefficients on geometries of a higher complexity.
This explicitly includes arrays of nanopatterned multi-electrode structures. To this end, we
only have to calculate the flux in two diffusion elements of identical geometry. Eventually, we
obtain potential-dependent conversion rates for both species involved. The flux right at the
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nanostructure-reservoir interface is then given as the sum of the conversion rates weighted by
the concentration of the according species. Due to the similarity of the resulting term with
the Butler-Volmer equation the conversion rates might be considered as geometry-specific
transfer rates of an enhanced Butler-Volmer equation.
2.11.1 Diffusive Domain Approach
To illustrate the basic problem, we first consider the exemplary case of a finite electrode
biased to a fixed potential. We find two concurring processes locally defining the surface
concentrations at an electrode. On the one hand, species conversion at the electrode shifts
the concentration ratio towards Nernstian equilibrium. On the other hand, analyte exchange
with the reservoir tends to equalize differences of the species concentrations between electrode
and reservoir. Regarding diffusive transport, the exchange is characterized by Fick’s first law
(Equation 2.17), while conversion is described by the Butler-Volmer Equation 2.8. As we
can see in Figure 2.9a, species exchange is multi-directional at the electrode edges. Moving
closer to the electrode’s center the flux ϕ(x) becomes increasingly unidirectional. As linear
diffusion is equivalent to a less intense coupling towards the reservoir, the ratio of reduced
and oxidized species is therefore set more easily at the electrode center than at its rim.
Consequently, the concentrations cs(x) = (csred(x), csox(x)) vary along the electrode surface.
Emulating the scenario by employing an explicit model, the fact of varying surface concen-
trations and fluxes is naturally included. This also accounts for patterned multi-electrode
setups. The total flux Φtotn towards a specific electrode n, which might refer to the top or
bottom electrode of a nanoporous dual-electrode sensor, is derived by a simple integration
of the Butler-Volmer equation over the particular electrode surface Sn:
Φtotn =
∫∫
Stotn
ϕsn dS (2.51)
For arrangements of nanostructured electrodes, however, the effort to explicitly simulate the
electrode behavior rapidly increases with their extensions. To circumvent computational
limitations, a sensor and its overlaying volume can be compartmentalized into numerous
repetitive elements (Figure 2.9b). In case of a nanostructured electrode, the basal area of
the resulting cells would conveniently be given by the nanopattern’s dimensions. Electrode
geometry and reactions at the bottom of the cell are consistent with the original electrode.
The cell walls are set to simple reflecting (no-flux) conditions, making each cell a separate
diffusion domain. The cell height as well as the conditions at the upper boundary can be
chosen to fit the specific conditions of the case investigated. The top boundary could, for
instance, be described by a non-flux condition as well. Alternatively, one could set the
top to a fixed concentration cM = (ccapred, ccapox ). In the ideal case, in which every element is
transferable to the next by mirroring the element at the inter-cell boundaries, only one cell
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Figure 2.9: Known methods to calculate the inhomogeneous flux ϕ(x) nanostructured
electrode include the explicit emulation (a) and the consideration of a single nanopatterned
element (b). The unit cell’s top might be set to fixed concentrations; the resulting flux is
scaled up to approximate the flux to the whole electrode. To integrate diffusion within the
reservoir multiple cells can be used (c). As suggested within this work, their behavior can
be reduced to the behavior two fundamental cells.
is simulated. To approximate the flux towards an electrode n as a whole, the flux derived
from the flux density integrated over the electrode surface Sin in the single-cell i is simply
multiplied by the number of cells M :
Φtotn = MΦs,in
Φs,in =
∫∫
Sin
ϕsn dS
(2.52)
Among countless other applications, fundamental investigations on electrode blocking have
been performed based on the diffusion domain approach. Moreover, the approach has been
expanded to include geometries with varying pattern sizes.87,125,128 Mathematical tools
using conformal mapping have further been developed to simplify certain nanopatterned
geometries.129 Still, diffusively isolated domains are assumed for all calculations. Local
variances of the species concentrations are typically neglected and lateral diffusion along
the patterned electrode surface is excluded.88 Rather than modeling an electrode of finite
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extensions located in a uniquely shaped volume, the experimental counterpart described by
the diffusion domain approach is an electrode enclosed in a tubular volume.
2.11.2 Multi-Cell Approach
To some degree the deficiencies can be eliminated when considering each cell individually.
In this multi-cell approach (2.9c), a simulation could start from separate simulations of the
cells on the one hand and the remaining reservoir on the other. Here, the concentrations
ci = (cired, ciox) are set according to the average concentrations at the position in the reservoir
where the upper boundary of the specific cell i was located. The flux towards an electrode n
within a certain element i is then correlate to this specific concentration ci. Conversely, the
converting flux at the electrode reacts back upon the top concentration: When, for reasons of
simplicity, assuming the cell to be source free and in a quasi-steady state, the integrated flux
through the top boundary of a cell is equal to the summerized flux towards all electrodes.
The flux at the electrodes can thus be used as the local boundary condition at the larger
volume. The calculations regarding the cells and the remaining volume are then spatially
separated models coupled by the cell-volume interface.
Φcap,i = Φs,i =
∑
n
∫∫
Sin
ϕs,in dS (2.53)
If the behavior of each cell was calculated separately, this approach would not be beneficial
compared to a calculation with an explicit model. At this point, however, we can express
concentration and flux within a cell i as a sum of a cell’s fundamental solutions (Figure 1c,
right). For a specific set of electrode potentials the fundamental solutions solely depend on
the two concentrations ccap = (ccapred, ccapox ), which are assumed to be constant for a specific
cell. The most convenient solutions for the fundamental system appear to be the solutions of
ccap = (1, 0) and ccap = (0, 1) using dimensionless concentrations. This way, the flux density
at any point on an electrode n in element i can be expressed by
ϕs,in = ϕˆn,A c
cap,i
red + ϕˆn,B ccap,iox (2.54)
Here, we introduce the notation
ϕˆn,A = (ϕSn | ccap = (1, 0))
ϕˆn,B = (ϕSn | ccap = (0, 1))
(2.55)
to describe the flux density ϕˆn at a point of electrode n for each of the two fundamental
solutions. Consequently, the coupling equation for element i is given by
Φs,i =
(∑
n
∫∫
Sn
ϕˆn,A dS
)
ccap,ired +
(∑
n
∫∫
Sn
ϕˆn,B dS
)
ccap,iox (2.56)
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Figure 2.10: The h0-plane linking reservoir and cell can be set close to the electrode
surface while deducing the local behavior from a higher cell with identical concentrations at
the interface’s locus (a). Condensing the discret cell behavior to a continuous geometriy-
specific transfer rate, a coherent concentration distribution can be used at the reservoir side
of the h0-plane (b).
2.11.3 Advanced Multi-Cell Approach
Though the previous approach includes species exchange between single cells and the reser-
voir, direct inter-cell exchange is still blocked artificially by impermeable cell walls. To
reduce possible artifacts it would be beneficial to decrease the cell height to a minimum.
One has to be aware, however, that bringing the artificial top boundary of a cell too close
to the structured surface will distort the surface concentration pattern. Critical cell heights
leading to an inadequate conversion behavior are comparable to the lateral pattern size.
Interestingly, we do not have to change the height hcap of the emulated cell to reduce the
distance h0 where we locate the interface between cell and reservoir (Figure 2.10a). In the
most favorable cases of in-plane and recessed electrodes arrangements the coupling interface
might line up precisely with the surface level at the cell’s outer boundaries. In any case, the
h0-plane can be set significantly closer to the surface than the volume’s top boundary.
To couple cells and reservoir the averaged concentrations c0,i = (c0,ired, c0,iox) at distance h0 are
used. Considering the single element, a concentration distribution with c0,i can be uniquely
rewritten as a linear combination of two cases with linear independent average concentrations
2.11. Flux Towards a Nanopatterned Sensor 37
These concentrations may read c0 = (1, 0) and c0 = (0, 1). Consequently, we can express the
local flux densities at electrode n in element i as the linear combination
ϕs,in = ϕˇn,A0 c
0,i
red + ϕˇn,B0 c0,iox (2.57)
of the flux densities ϕˇn and of two individual cases:
ϕˇn,A0 = (ϕsn | c0 = (1, 0))
ϕˇn,B0 = (ϕsn | c0 = (0, 1))
(2.58)
Similar to the above case, the cell behavior for c0 = (1, 0) and c0 = (0, 1) can be further re-
duced to the two fundamental solutions ccap = (1, 0) and ccap = (0, 1). The flux densities ϕˇn,0
can thus be expressed by the flux density ϕˆn introduced in the last section (Equation 2.55):
ϕˇn,A0 = grr ϕˆn,A + gro ϕˆn,B
ϕˇn,B0 = gor ϕˆn,A + goo ϕˆn,B
(2.59)
The factors g are derived from mapping the concentrations at h0 of both sets of solution,
yielding
grr = c0ox,B/det(c0) gro = −c0ox,A/det(c0)
gor = −c0red,B/det(c0) goo = c0red,A/det(c0)
(2.60)
with
det(c0) = c0red,A c0ox,B − c0ox,A c0red,B (2.61)
We again use the notation
(c0red,A, c0ox,A) =
(
(c0red, c0ox) | ccap = (1, 0)
)
(c0red,B, c0ox,B) =
(
(c0red, c0ox) | ccap = (0, 1)
) (2.62)
As we can see, the normalized flux densities ϕˇn,A0 and ϕˇn,B0 in Equation 2.59 solely depend
on the flux and thus the concentration distribution of the fundamental solutions ccap = (1, 0)
and ccap = (0, 1), which are introduced in the previous Section 2.11.2. Consequently, ϕˇn,A0
and ϕˇn,B0 are constant for each repetitive element with a given set of electrode potentials.
Integrated over the electrode surface Sn of a cell they represent the affinity to convert a
species at an arbitrary repetitive cell i. The flux towards an electrode n in cell i can thus be
written as
Φs,in =
(∫∫
Sin
ϕˇn,A0 dS
)
c0,ired +
(∫∫
Sin
ϕˇn,B0 dS
)
c0,iox (2.63)
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while reservoir and element are coupled by the sum of Φs,in over all n electrodes:
Φs,i =
(∑
n
∫∫
Sin
ϕˇn,A0 dS
)
c0,ired +
(∑
n
∫∫
Sin
ϕˇn,B0 dS
)
c0,iox (2.64)
2.11.4 Geometry-Specific Transfer Rates
To obtain the flux towards the complete extensions of an electrode n, the integrated flux
of Equation 2.63 could be added up for all elements. However, implementing separate in-
terfaces to be able to average the concentration for each domain seems quite impractical.
As adding up individual fluxes from discrete cells would mathematically include a sum over
averaged concentrations c0,i, we can more conveniently integrate over the original continuous
distribution c0(x) at the h0-plane directly. By doing so, the flux towards an electrode reads:
Φtotn = k˜n,or
∫∫
S0,tot
c0red(x) dS + k˜n,ro
∫∫
S0,tot
c0ox(x) dS (2.65)
In its non-integrated form this equation can also be interpreted as the local flux at each
point of the cell-reservoir interface caused by a particular electrode n:
ϕ0n(x) = k˜n,or c0red(x) + k˜n,ro c0ox(x) (2.66)
In either case, we use new constants k˜n,or and k˜n,ro. These constants denote the flux densities
from Equation 2.59 being integrated over an element’s electrode area Sin and being normalized
by the cell’s basal area Ai:
k˜n,or =
1
Ai
∫∫
Sin
ϕˇn,A0 dS
k˜n,ro =
1
Ai
∫∫
Sin
ϕˇn,B0 dS
(2.67)
Due to its close resemblances to the Butler-Volmer equation, we call Equation 2.66 the
enhanced Butler-Volmer equation while the parameters k˜n,or and k˜n,ro in Equation 2.67 are
referred to as geometry-specific transfer rates. The coupling of cell and reservoir is thereby
defined individually for every point on the interface by
ϕ0(x) =
(∑
n
k˜n,or
)
c0red(x) +
(∑
n
k˜n,ro
)
c0ox(x) (2.68)
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2.11.5 Application Scheme
In the following, we briefly sketch how to implement the geometry-specific transfer rates. As
desired, calculations regarding a patterned surface are divided into two steps:
Domain
1. Model the geomtery of a segment of the nanopatterned surface in an enclosed
domain and set the electrode boundary conditions.
2. Choose a convenient location for the coupling h0-interface.
3. Set the concentrations at the top boundary once to ccap = (1, 0) (case A) and
once to ccap = (0, 1) (case B).
4. Compute the behavior of the domain for both cases.
5. Derive for either case the integrated flux towards each electrode n within the
diffusion domain i (integrated form of Equation 2.55). Record for either case
the average concentration c0 = (c0red, c0ox) at the h0-plane.
6. Calculate the geometry-specific transfer rates k˜n,or and k˜n,ro from the flux for
average concentrations c0 = (1, 0) and c0 = (0, 1) via Equation 2.67 using the
Relations 2.59-2.61.
Reservoir
1. Model the geomtery of the macro-volume above the coupling interface.
2. Set the flux at the coupling h0-plane using Equation 2.68, which is relying on
the previously determined geometry-specific transfer rates∑n k˜n,or and∑n k˜n,ro
and the local reservoir conentration c0(x) = (c0red(x), c0ox(x)).
3. Compute the solution for the macro-geometry.
For time-invariant electrode conditions the transfer rates (Domain, Steps 1-6) are calculated
only once. This particularly accounts for varying conditions at the reservoir boundaries.
For a time-dependent domain behavior, however, Steps 4-6 on the domain side have to be
continuously recalculated. This includes the case of a nanopattern with changing electrode
potentials. In any case, the computational costs to derive the specific transfer rates are
rather low. Therefore, domain and reservoir side of a time-dependent problem can easily be
calculated simultaneously.
Eventually, the model can be analyzed in the desired way. For instance, the total integrated
flux Φtotn to an electrode n can be derived from Equation 2.65. Additionally, the structured
interface at loaction x might be investigated, which is represented by a linear combination of
case A and case B considering the according surface concentrations c0(x) on the reservoir side.
40 2. Fundamentals and Theory
Chapter 3
Methods
3.1 Fabrication
3.1.1 Microelectrode Sensor
The devices are fabricated in the clean room using 4” silicon wafer substrates (SiMat p (B),
<100>, 7−21 Ωcm), on which a 460 nm layer of oxide is thermally grown in an oxidation oven
(Tempress) (Figure 3.1a). The electrodes are structured in a lift-off process (Figure 3.1b)
using a LOR 3B/AZ nLOF 2020 resist stack (MicroChem Corp., MicroChemicals GmbH),
which is exposed in a mask aligner (Suess MA 6) and developed in AZ 326 MIF (MicroChem-
icals GmbH). To form the bottom electrode a 70 nm-sized platinum layer sandwiched by two
titanium adhesion layers, each with a thickness of 10 nm, is deposited via electron beam
evaporation (Pfeiffer PLS 500 Physical Vapor Deposition System). The lift off is performed
with EBR PG (MicroChem Corp.). On top of the bottom electrode a 100 nm Si3N4 layer is
grown via plasma enhanced chemical vapor deposition PECVD (Figure 3.1c). A 10 nm Ti /
30 nm Pt / 10 nm Ti stack, again structured by lithography, forms the top electrode and its
feed lines (Figure 3.1d). The whole wafer is then covered by a stack of 3 SiO2 layers, 200 nm
each, separated by 2 layers of 100 nm Si3N4, (Figure 3.1e). This passivation is successively
opened at the contact pads of the top and bottom electrodes using reactive ion etching (RIE)
(20 ml/min CHF3, 20 ml/min CF4, 200 W, 0.02 mbar) (Oxford Plasmalab 100 Cluster Tool).
The etching progress is controlled using a laser interferometer. As a mask, thermally hard-
ened AZ 5214E resist (MicroChemicals GmbH) is used, which is exposed on a mask aligner
and developed in AZ 326 MIF. Finally the passivation at the electrode positions is opened
using the same process (Figure 3.1f).
The nanopores are fabricated via an electron beam lithography process. First, 300 nm of
poly(methyl methacrylate) (PMMA, AR P 669.04 (Allresist GmbH)), are spincoated onto the
wafer without removing the AZ-resist layer, which covers the whole wafer except the electrode
areas. The nanopores are written by electron-beam lithography (Vistec EBPG 5000 plus)
system with a dose of 560µC/cm2 (Figure 3.1g). The PMMA is then developed in AR P 600-
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Figure 3.1: Processing of the silicon wafer includes (a) its oxidation, (b) the deposition
of the Pt bottom electrode, (c) the Si3N4 spacing layer, (d) the Pt top electrode and (e) a
Si3N4/SiO2 passivation layer, (f) the passivation opening at the contact pads and electrode
sites, (g) structuring of the e-beam resist, (h) pattern transfer versus RIE, and (i) deposition
of a protecting layer of resist, which is (j) removed after cutting.
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55 (Allresist GmbH). Hereafter, an Ar/SF6 reactive ion etching process (Ar 40 ml/min, SF6
1 ml/min, 150 W, 0.02 mbar, Oxford AMR System) is used to transfer the pattern to the
top electrode. To further etch the Si3N4 insulator and the underlying Ti adhesion layer
CHF3 plasma is used in the same device (CHF3 20 ml/min, 200 W, 0.02 mbar). The etching
progress is intermediately checked by scanning electron microscope imaging (SEM, Zeiss
Gemini 1550). Within the RIE process the structured PMMA is consumed completely. The
platinum top electrode is partially thinned (Figure 3.1h). During wafer cutting and the
following storage period the nanopores are protected by another layer of AZ-resist brought
onto the wafer (Figure 3.1i). The resist is removed via acetone and the wafer is rinsed in
ethanol (Figure 3.1j). A brief flame treatment ensures its complete removal.
For the recorded concentration-dependent series, glass rings are attached to the chip.
The glass rings are carefully wetted with a mixture of dimethylsiloxane and a curing agent
(PDMS, Sylgard 184, Dow Corning GmbH,). After placing the rings on the chip, the poly-
merization of dimethylsiloxane to PDMS is facilitated by baking the chips at moderate
temperatures (60 ◦C− 80 ◦C) for about 30 min.
3.1.2 Large-Area Alumina Sensor
The fabrication process of the sensor is depicted in Figure 3.2. In a standard lithogra-
phy step the structured bottom electrode stack, consisting of 10 nm Ti, 70 nm Pt and
10 nm Ti, is deposited onto a 4-inch silicon wafer (SiMat p (B), <100>, 7 − 21 Ωcm) with
1000 nm of thermally grown oxide (Tempress Systems B.V.). To obtain sufficiently flattened
edges of the conducting paths a resist stack consisting of LOR 3B (MicroChem Corp.) and
AZ nLOF 2020 (MicroChemicals GmbH) is spin-coated in two steps. The photo resist is
structured (Suess MA 6) and both resists are developed in AZ 326 MIF (MicroChemicals
GmbH). Following the electron beam evaporation (Pfeiffer PLS 500 Physical Vapor Depo-
sition System) the lift off is performed in EBR PG (MicroChem Corp.). To minimize the
chance of redeposition of metal or resist each wafer is washed again in fresh EBR PG, ex-
tensively rinsed with bidest and carefully blown dry with nitrogen. In a second deposition
step the complete wafer is covered with 10 nm Ti and 200 nm Al (Figure 3.2c).
Following the layer deposition, the wafer is anodized (Figure 3.2d) as a whole in 0.3M
oxalic acid. A potential of 40 V is applied between the wafer and a grid of platinum wires.
Current densities of about 30 mA/cm2 are obtained during regular pore growth. As all
pores reach the titanium layer the current decreases to about 4 mA/cm2 after approximately
6 min. To ensure a full oxidation the voltage is kept up for at least another minute. For the
anodization a home-built Teflon cell is used. The cell and the exemplary current trace can
be seen in Figure 3.3a,b.
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PolypyrroleSi-Oxide Ti-Oxide Al-Oxide
Figure 3.2: Fabrication steps of the nanoporous alumina sensor illustrated at the boundary
areas of the crossing electrodes. Upper and lower sketches show the edge of the top and of
the bottom electrode, respectively. Starting from an oxidized Si-wafer (a) the steps include
the deposition of the bottom electrode (b), the deposition and formation of the porous spacer
(c-f) and the deposition of the top electrode (h). The final sensor is shown in (i).
3.1. Fabrication 45
0 1 2 3 4 5 6 7
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
Time [min]
C
ur
re
nt
 [A
]
a)                                                                                                 b) 
Figure 3.3: Current trace obtained from the on-chip aluminum oxidation (Figure 3.2d) of
a structured wafer (a). The initial peak current, which is limited to 1.8 A, is not depicted
completely. For the process a specially developed, home-build Teflon holder is used (b). It
is shown here with an anodized 4”-wafer, featuring a continuous platinum electrode beneath
the nanoporous alumina film.
For the subsequent process steps the wafer was selectively covered with negatively pro-
cessed AZ 5214E photo resist (MicroChemicals GmbH). The areas beneath the future top
electrode and its feed lines remain uncovered (Figure 3.2e). First, the titanium plugs formed
at the alumina pore bottoms are removed in a fresh solution of aqueous 30 wt.% hydrogen
peroxide (H2O2) containing 0.20M dipotassium phosphate (K2POH4) and 0.05M ethylene-
diaminetetraacetic acid (EDTA) (Figure 3.2f). The etching is performed for about 50 min
at 50 ◦C. Simultaneously, the alumina pores are widened by the solution. About ten min-
utes after the observation of homogeneous bubbling the sample is removed from the etching
bath and cleaned with bidest. Other etches are aqueous solutions of 30 wt.% hydrogen per-
oxide containing either 0.05M EDTA and 0.35M sodium acetate (NaOAc) or 0.35M 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES buffer). Pore widening is facilitated
by 0.15M oxalic acid ((COOH)2) added via oxalic acid dihydrate.
Within the next step pyrrole is electrochemically deposited into the alumina template onto
the underlying Pt layer (Figure 3.2g). A mixture of 1.8 vol.% of pyrrole in a 0.2M NaHCO3
aqueous solution is used. The deposition is performed with a Bio-Logic VSP 300 and an
attached booster kit. A Warner Instruments ‘Leak-Free Reference Electrode’ (WPI) serves
as a reference electrode. After 10 initial voltammetric sweeps between 0 V and 1.5 V vs.
Ag/AgCl with 100 mV/s the maximum potential is applied for 20 min. Potential and current
trace are depicted in Figure 3.4a,b. The cyclic voltammogram in the inlay reveals the typical
deposition peak of the first sweep at around 750 mV. This peak is followed by over-oxidation
currents, which associate the passivation of the polypyrrole layer. Consequently, the currents
for the inverse scan direction are drastically reduced. With an increasing number of scans as
well as at the constant potential phase the maximum currents further decrease, indicating a
successful passivation.
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Figure 3.4: Potential (a) and current (b) trace of the pyrrole deposition step (Figure 3.2g).
In the inlay the current of first three sweeps (1-3) is plotted versus the applied potential.
Following the pore-passivation the top electrode stack consisting of 5 nm Ti and 25 nm Pt
is evaporated on top of the alumina template (Figure 3.2h). To strip the structured resist,
which is still shielding the non-electrode areas, the wafer is exposed to a bath of acetone
and washed in isopropanol. After being covered with a protecting layer of AZ 5214E the
wafer is diced to 11 × 11 mm2 chips, each holding one crossing pair of electrodes. Acetone
and isopropanol are again used to wash off the resist. For the removal of the polypyrrole
encapsulation oxygen plasma is applied in a plasma oven at 0.3 mbar for 5 min (Figure 3.2i).
Finally, a stack of glass rings is glued onto the sensor using a mixture of dimethylsiloxane
and a curing agent (Sylgard 184 Elastomer Kit, Dow Corning GmbH). Hardening of the glue
due to polymerization to PDMS is facilitated by baking the chips at moderate temperatures
(60 ◦C− 80 ◦C) for about 10 min. If a removable fixation of the glass rings is preferred, AZ
photo resist can be used as a glue instead of PDMS.
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3.2 Experimental
3.2.1 Geometrical Characterization
To derive the geometrical properties of the porous sensor scanning electron microscopy
recordings (Zeiss Gemini 1550) are performed. Occasionally, a thin iridium oxide film
(< 1 nm) was sputtered onto the sample. Focused ion beam cutting (FEI Helios
NanoLab 600i) is used to display cross sections of the sensor. Prior to cutting a platinum
layer of about 1.5µm thickness was evaporated onto the cutting site.
3.2.2 Electrochemical Characterization
Microelectrode Sensor
All experiments regarding the microelectrode sensor are performed in a 100 mM KNO3 elec-
trolyte. The electrolyte further contains redox-active Fc(MeOH)2. All substances are dis-
solved in bidistilled water (bidest). The amount of electrolyte used is about 50µl for the
non-encapsulated chips and at least 450µl for the encapsulated ones. During the measure-
ments a platinum wire serves as a counter electrode. Either a housed Ag/AgCl electrode
(BASi Inc) or a Warner Instruments “Leak-Free Reference Electrode” (WPI) is used as a
reference electrode.
The potential sweeps are performed with a CHI1030B multi-channel potentiostat (CH-
Instruments). Sweep rates of 50 mV/s and sampling rates of 25 Hz are chosen, corresponding
to 2 mV potential steps. A potential window reaching either from −25 mV to +575 mV or
from −50 mV to +550 mV vs. Ag/AgCl is scanned. The starting potential is either 0 mV
vs. the used reference electrode or the minimum potential. Except for the presented one-
sweep characteristic always the BASi-electrode is used. The potential of the non-sweeping
electrode is kept to maximum or minimum value of the scanned potential window. At least
three sweeps are performed. Prior to first use all electrodes where swept at least three times
between −650 mV and maximally +550 mV at 200 mV/s.
The concentration series are divided into three subseries. At the beginning of each subseries
the electrodes are swept in 450µl analyte-free KNO3 electrolyte. Generally, the sensor
response is recorded for two configurations. First the top electrode is swept while the bottom
electrode is held at reducing potential. After that, the potential of the top electrode is fixed
as the bottom electrode’s potential cycles. For the subsequent voltammograms, 24µl to
450µl of a Fc(MeOH)2 stock solution, which also contains 100 mM KNO3, are added. The
Fc(MeOH)2 concentrations of this solution amount to 10 mM, 50 mM or 250 mM depending
on the subseries being recorded. This way, a concentration regime reaching from 500 nM
to 175µM can easily be investigated with high accuracy. Between the single subseries the
electrolyte is partially removed from the chip. The remaining volume is diluted with bidest
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water and partially removed again. After a couple of cycles the chip is finally sucked dry
completely. Counter and reference electrode are repeatedly washed with bidest water.
Large-Area Alumina Sensor
The characterization of the large-area alumina sensor is performed in a in a 3M KCl elec-
trolyte containing 330µM K3[Fe(CN)6]. During the measurements a platinum wire is used as
a counter electrode. A housed Ag/AgCl electrode (BASi Inc.) serves as reference electrode.
Using eutectic GaIn the top electrode is contacted with a probe needle from above while the
bottom electrode is contacted at the cutting edge of the chip.
The cyclic voltammograms are recorded with a multi-potentiostat (1030b, CH Instruments
Inc.) Sweep rates of 20 mV/s and potential steps of 2 mV are chosen, corresponding to
sampling rates of 10 Hz. The scanned potential window reaches from 50 mV to 650 mV
vs. Ag/AgCl. The starting potential is the minimum potential. The potential of the
non-sweeping electrode is held at either reducing (50 mV) or oxidizing (650 mV) potential.
Starting from 50 mV at least three sweeps are performed and the third sweep is presented.
Prior to use the electrodes where swept multiple times within the standard potential range
to reach a constant current response.
3.2.3 Analysis
All data used in the analysis is obtained from the 3rd sweep of a particular measurement.
The currents of the cyclic voltammograms presented are not further processed. This partic-
ularly applies to the measurements obtained for the large-scale aluminum sensor. Only the
potentials recorded versus the Warner electrode using the microelectrode sensor are offset
corrected by +65 mV versus the BASi electrode. This regards the voltammograms recorded
with the non-encapsulated chips as well as to the measurments the redox cycling efficiencies
are obtained from. The currents used for all calculation and fits are averaged values for
forward and backward scan at the particular potential.
To determine the microelectrode sensitivities via the concentration series the current of
the first sweeps in pure KNO3 − H2O electrolyte is subtracted. The sensitivity for a certain
electrode is given by the best linear fit obtained via the least mean square method. All
currents plotted plus the offset corrected zero current at zero concentration is included. When
fitting the simulated and experiential data of a single sweep every 5th data point is used.
Regarding the four-sweep characteristics or every 10th point included in the fitting process.
The least square method is applied to find the optimal fit. To exclude currents derived from
reservoir exchange only the bottom currents are considered. Generally, a current offset is
introduced as a free parameter to compensate for a signal baseline originating from effects
such as oxygen reduction. To fit the extended four-sweep characteristics a common scaling
factor is added. Thus, the shape of the simulated curves rather than the exact signal height
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is adapted. Furthermore, the fitted range is restricted to E0±200 mV. The graphs eventually
presented for the simulated four-sweep characteristics are neither scaled nor offset corrected.
Here, the adaption factors are used for fitting purposes only. The plot of the simulated
bottom current derived from the single top sweep, on the contrary, is offset corrected.
3.3 Numerical Simulation
The numerical calculations are carried out with the time-dependent “transport of diluted
species” model in COMSOL 4.2a. The modeling of the sensor is done within the program,
while parametric sweeps are performed via LiveLink from MATLAB 2007a or higher.
The calculations are based on Fick’s law of diffusion within the electrolyte and the flux
defining Butler-Volmer behavior at the electrodes. Eventually, the emulated flux used for
plotting and fitting is also derived from the Butler-Volmer equation in conjunction with
the surfaces concentrations at the electrodes. The pore’s geometry is represented by a
radially symmetrical cell containing one pore. Shape and size of the pore are derived from
fabrication specifications as well as SEM images (see Section 4.1 and Section 5.2). If not
stated differently, a volume with 105 nm radius and 800 nm height is simulated above a pore of
the microelectrode. In case of the whole sensor simulation the cell is used as an intermediate
step to calculate the flux towards the electrode depending on concentrations away from the
actual electrodes (geometry-specific transfer rates) The alumina sensor was modeled by an
element with 45 nm radius and a height of 400µm. Time steps for calculation are strictly
0.1 s, which corresponds to steps of 5 mV for the electrodes sweeping with 50 mV/s. For
performance purposes the mesh size was increased by a factor of about 2 when fittin the
experimental results. To find the parameters of the four-sweep characteristics the temporal
binning was further enlarged to 0.2 s. Initial concentration are chosen to be cred = 1, cox = 0
or vice versa depending on the starting potential of the electrodes. The sweeps are emulated
in forward direction only. Calculations including species dependent diffusion constants are
handled differently.
In the following, the calculation strategy is given in a more detailed manner. Concrete
geometrical dimensions and electrochemical parameters are further summarized in Table 3.1-
3.2 and Table 3.3-3.5, respectively.
3.3.1 Geometry
The macro-geometry of the sensors is taken from fabrication specifications. Considering the
microelectrode, the electrode area divides into two sugregions. At the center up to a radius
of either rpor = 23µm, 33µm or 48µm nanopores are arranged in a hexagonal array. The
interpore distance amounts to dint = 200 nm. Around the nanoporous array a non-porous
ring with a width of drim = 2µm is given, which is part of the top electrode. The whole
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Figure 3.5: Geometries representing the nanoporous sensors within the numerical calcula-
tions. The layout of the nanoporous microelectrode simulated in Section 6.3 is illustrated
in (a) (not to scale). The general nanoporous alignment is given in (b). Single domains
are marked here by grey borders. The models of the pores in the microelectrode (c) and
the large-area alumina sensor (d) are depcited to scale, whereas in (d) only top and bottom
region are shown. The paramteric values are listed in Table 3.1 (a-c) and Table 3.2 (b,d).
Reflecting walls are held in black, while red boundaries denote fixed conentrations (c) or
boundaries inducing concentration-dependent conversion (ϕ).
electrode system is recessed hpass = 800 nm behind a passivation layer. This layer’s edges
are assumed to be rounded completely. Above the sensor a hemispherical volume with a
radius of 400µm is included to the explicit calculations. The dimensions of the large-area
alumina sensor from Chapter 5 amount to 3 mm× 3 mm. The average pore spacing is found
to be dint ≈ 86 nm.
For all simulations a single element of the porous area is used. This element includes a
single pore and all points, which are closer to the particular pore than to a neighboring
one. For the hexagonal arrangement we obtain elements with a hexagonal base. To simplify
the calculations the cell is reshaped to a radial symmetric element with identical basal
area. Cylindrical volumes with a radii of rvol = 105 nm and rvol = 45 nm is obtained for the
microelectrode sensor and the large-area sensor, respectively. Considering the microelectrode
sensor, the height of the simulated volume is typically chosen to be hvol = 800 nm. Increasing
the height is not observed to have any influence on the signal simulated. In case a single
pore in a non-restricted volume is simulated, the volume height amounts to hvol = 400µm.
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Dual-Microelectrode Sensor 
Microelectrode Sensors 
 
Geometry 
 
Parameter Value Description 
 
dint 200 nm distance betw. pore centers (interpore dist.) 
rvol 105 nm radius of the simulated cell holding a pore 
hvol 800 nm height of volume above the pore (reservoir) 
hvolfine 50 nm part of reservoir with refined mesh 
hPttop 10 nm height of top el., same as rounding at aperture 
hTitop 10 nm height of top adhesion layer 
rTop 57 nm radius of aperture at pore’s top 
hSiN 100 nm height of insulator separating electrodes 
rBot 40 nm radius of aperture at insulator’s lower end 
hTiBot 10 nm height of bottom adhesion layer 
rPtBot 35 nm radius of aperture of lower electrode 
rpor 23 µm; 33 µm ; 48 µm radius of nanoporous area of a sensor 
drim 2 µm width of non-porous top electrode ring 
hpass 800 nm height of passivation, same as rounding 
 
Tabel: Geometrical specifications used in simulations regarding dual-microelectrode sensors, namely 
all investigations in Chapter \ref{ch:ebeam} and Chapter \ref{Ch:GSTR}. 
  
Table 3.1: Geometrical specifications used in simulations regarding dual-microelectrode
sensors, namely all investigations in Chapter 4 and Chapter 6.
Chapter Large Area Alumina Sensor 
Alumina Sensor 
 
Geometry 
 
Parameter Value Description 
 
dint ~ 86 nm distance betw. pore centers (interpore dist.) 
rvol 45 nm radius of simulated cell holding a pore 
hvol 400 µm height of volume above the pore (reservoir) 
hvolfine 50 nm part of reservoir with refined mesh 
hPtTop 25 nm height of top electrode 
rTop 12 nm radius of aperture at pore’s top 
qPtTop 8 nm height of top electrode reaching into pore 
hPore 375 nm height of AlOx separating electrodes 
rPore 20 nm radius of pore at insulating AlOx 
hBot 36 nm height of tapering of insulator’s lower end 
rBot 12 nm radius of tapering at insulator’s lower end 
hTiBot 10 nm height of bottom adhesion layer 
rPtBot 35 nm radius of aperture at bottom electrode 
Lpor 3 mm edge length of active dual electrode area 
 
Table: Geometrical parameters of the large-area alumina sensor presented in Chapter \ref{ch:AlOx} 
as used for its simulation. 
Table 3.2: Geometrical parameters of the large-area alumina sensor presented in Chapter 5
as used for its simulation.
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This particularly applies to the simulations of the alumina sensor with distinct diffusion
constants. In a hemispherical volume the radius is extended to rvol = 400µm as well.
Shape and size of the pores are modeled according to SEM recordings. The approximate
geomtery is illustrated in Figure 3.5c,d. Regarding the microelectrode sensor the pore radii
of the top aperture and the lower Si3N4 aperture are derived from top views. A focused
ion beam (FIB) cut is used to verify the slope at the pore’s flanks and the film thicknesses,
which are given by the fabrication process. Only the thickness of the upper platinum layer
is taken from a breaking edge of a wafer from a previous run, as this layer blends into the
platinum deposited for FIB cutting in the above case. The pores at the alumina sensor are
modeled according to images obtained from various FIB cuts and breaking edges. Basic
characteristics, such as the tightened tops and the narrowing close to the bottoms, are
preserved while the pore dimensions are thought to represent reasonable averages. The pore
spacing is derived from top views and breaking edges. The geomtrical details are summerized
in Table 3.1 and Table 3.2.
3.3.2 Discretization
The triangular mesh used for calculations is adapted manually. It is generally taken care to
keep the points of the grid closest, where the flux variations are largest. Regarding explicitly
modeled pores, these points are found around the intersections of pore walls and electrodes.
For an optimal distribution of the mesh points the geometry is divided in three zones.
Within the pore the resolution of the mesh is at least 5.5 nm and decreases to about 1.0 nm
at the electrode edges. Outside of the pore, up to a height of 50 nm above the aperture,
the grid size is again maximally 5.5 nm, but minimally 3.0 nm at the top electrode’s upper
surface. Restricted cylindrical reservoirs above the pore are meshed with a grid of increasing
size starting from 5 nm at the lower boundary and reaching 15 nm to 105 nm at the top,
depending on the cylinder’s height. However, the multi sweep characteristics used to fit the
electrochemical parameters are calculated with a mesh, which is chosen to be coarser by a
factor of about 2. Thus, the number of elements is reduced yielding a better performance.
The grid size of quasi-infinite volumes holding a single pore is restricted to 10µm. For
single-pore simulations using hemispherical reservoirs the transition regime above the surface
is extended to a radius of 2 105 nm, keeping its height of hvolfine = 50 nm. Regarding the
whole sensor simulation, the reservoir is divided in patches of 20 nm to 20µm size. Again,
electrode/wall interfaces and electrode/electrode interfaces are meshed finest.
Strict steps are chosen for the temporal discretization. Simulations of the microelectrode
and its pores are usually performed with a time stepping of 0.1 s. For the purpose of fitting
the electrochemical parameters the steps are doubled. Consequently, the voltage steps are
either 5 mV or 410 mV for the used sweep rate of v = 50 mV/s. The time steps regarding the
alumina sensor amount to 0.5 s as the sweep rate is 20 mV/s.
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3.3.3 Numerical Framework
The numerical calculations are based on two processes. The simulated volume, which repre-
sents the electrolyte, undergoes free homogeneous diffusion, which is described by Fick’s laws
(Equation 2.16-2.17). The species conversion at the electrodes is described via the Butler-
Volmer equation by defining the flux density perendicular to the surface (Equation 2.19). In
a similar manner the flux trough the cell-reservoir interface is given when using the geometry
specific transfer rates (Equation 2.68). To simulate the according behavior concentration-
dependent flux boundary conditions for reduced and oxidized species are implemented in
COMSOL. The reflecting pore walls are represented by no-flux conditions. The same condi-
tions are applied to the outer boundaries of the reservoir as well. Only for restricted volumes
used in the context of the geometry-specific transfer-coefficients the concentrations at the
upper boundary set to fixed values.
The initial potentials of both electrodes are chosen to be identical. As a result the starting
potential of the sweeping electrode is defined by the potential of the opposing electrode. In
the special case of a restricted volume with reflecting top boundary, the initial concentra-
tions are further defined by the starting potentials. For reducing potentials a volume with
completely reduced species is assumed; starting with oxidized potentials the volume only
holds oxidized species. This way, we avoid unnecessary settling times. In all other cases, the
initial reservoir concentrations match the concentrations given at the boundary.
3.3.4 Data Extraction
The flux towards the electrode is calculated via the Butler-Volmer Equation 2.8 from the
according surface concentrations. Using the geometry-specific transfer rates, flux through
electrodes and cell-reservoir interface is derived via the enhance Butler-Volmer Equation 2.65.
For all necessary integrations a COMSOL integration operator (‘intop’) is defined. If needed,
also the concentrations at the cell-reservoir interface are recorded. Regarding the whole-cell
simulation the geometry-specific transfer rates are calculated on the fly in COMSOL. In all
other cases the specific transfer rates are used they are computed once with MATLAB using
the static simulations of the single pores and read back in COMSOL. In any case, the final
current is calculated according to Faraday’s law. For the investigations on a single cell and for
the geometry-specific whole sensor simulation the integrated flux is simply multiplied with
the negative Faraday constant. If the one-domain approach is used in order to approximate
the whole sensor the pore current is scaled up according to the area on the considered
nanoporous sensor. Thus, the current reads
IEl = −F Asens
pi r2vol
intop
(
kor(EEl) cred(x)− kro(EEl) cox(x)
)
(3.1)
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with Asens = L2por in case of the alumina sensor and Asens = pir2por in case of the microelec-
trode sensor. Considering the time dependent simulations the currents of the second sweep
are used for plotting and further analysis. Due to the similarity between forward and back-
ward sweep single-pore investigations in a semi-infinite volume are based on the averaged
current for both sweeps. In restricted volumes only the forward sweep was calculated.
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Microelectrode Sensor 
Microelectrode Sensor 
 
Electrochemical Parameters 
 
Parameter Value Description 
 
E0 250 mV redox potential vs. Ag/AgCl 
α 0.49 ; 0.50 ; 0.70 – 0.95 transfer coefficient 
ks 0.01 cm/s – 25.60 cm/s heterogeneous electron transfer rate 
ktop,bot 0.01 cm/s – 6.40 cm/s separate transfer rates for top / bottom 
electrode 
Deq 0.64×10
-5
 cm
2
/s diffusion constant 
Dred,ox 0.45×10
-5
 cm
2
/s , 0.91×10
-5
 cm
2
/s 
 
distinct diffusion constants for reduced / 
oxidized species 
cred,ox – concentration of reduced / oxidized species 
cred,ox
0
 50 µM, 0 µM 
0 µM, 50 µM 
initial concentrations and, if used, boundary 
conditions of reduced / oxidized species 
 
Voltammetry 
 
Parameter Value Description 
 
Etop,bot Emin, Emax, Esw potential of top / bottom electrode 
Esw Emin … Emax potential of sweeping electrode 
Emin,max -25 mV, 575 mV 
-50 mV, 550 mV 
minimum / maximum potentials vs. Ag/AgCl 
v 50 mV/s sweep rate 
Estep 5 mV; 10 mV voltage steps  
tstep 0.1 s; 0.2 s time stepping  
 
Table: Electrochemical parameters and voltammetric behavior of the electrodes used to emulate the 
analyte/sensor interaction of the dual-microelectrode sensor in Chapter \ref{ch:ebam}. 
Table 3.3: Electrochemical parameters and voltammetric behavior of the electrodes used
to emulate the analyte/sensor interaction of the dual-microelectrode sensor in Chapter 4.
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Geometry-Specific Transfer Rates 
 Geometry-Specific Transfer Rates  
 
Electrochemical Parameters 
 
Parameter Value Description 
 
E0 250 mV redox potential vs. Ag/AgCl 
α 0.50 ; 0.85 ; 0.90 transfer coefficient 
ks 0.085 cm/s ; 0.8 cm/s ; 6.0 cm/s 
5.2 cm/s 
heterogeneous electron transfer rate 
ktop,bot 0.80 cm/s , 0.60 cm/s separate transfer rates for top / bottom 
electrode 
Deq 0.64×10
-5
 cm
2
/s diffusion constant 
Dred,ox 7.60×10
-6
 cm
2
/s , 6.30×10
-6
 cm
2
/s 
5.83×10
-6
 cm
2
/s , 7.05×10
-6
 cm
2
/s 
distinct diffusion constants for reduced / 
oxidized species 
cred,ox – concentration of reduced / oxidized species 
cred,ox
0
 0 M, 1 M ; 1 M, 0 M 
0.9 M , 0.1 M 
25 µM , 25 µM ; 50 µM , 50 µM 
0 µM , 50 µM ; 50 µM , 0 µM 
initial concentrations and, if used, boundary 
conditions of reduced / oxidized species 
 
Voltammetry 
 
Parameter Value Description 
 
Etop,bot Emin, Emax, Esw potential of top / bottom electrode 
Esw Emin … Emax potential of sweeping electrode 
Emin,max -400 mV , 400 mV 
-25 mV , 575 mV 
-50 mV , 550 mV 
minimum / maximum potentials vs. Ag/AgCl 
v 50 mV/s sweep rate 
Estep 5 mV ; 10 mV voltage steps  
tstep 0.1 s ; 0.2 s time stepping  
 
Table: Electrochemical parameters and time-dependent electrode behavior investigated in 
connection with the geometry-specific transfer rates in Chapter \ref{ch:GSTR}.  
Table 3.4: Electrochemical parameters and time-dependent electrode behavior investigated
in connection with the geo etry-specific transfer rates in Chapter 6.
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Chapter Large Area Alumina Sensor II 
Alumina Sensor 
 
 Electrochemical Parameters 
 
Parameter Value Description 
 
E0 350 mV redox potential vs. Ag/AgCl 
α 0.50 transfer coefficient 
ks 8.5×10
-2
 cm/s heterogeneous electron transfer rate 
Dred, 
Dox 
6.32×10
-6
 cm
2
/s  
7.63×10
-6
 cm
2
/s 
distinct diffusion rates for reduced / oxidized 
species 
cred, cox – concentration of reduced / oxidized species 
cred
0
, 
cox
0
 
330 µM 
0 µM 
initial concentration of reduced / oxidized 
species 
 
 Voltammetry 
 
Parameter Value Description 
 
Etop,bot Emin, Emax, Esw potential of top / bottom electrode 
Esw Emin … Emax potential of sweeping electrode 
Emin, 
Emax 
50 mV 
650 mV 
minimum / maximum potentials vs. Ag/AgCl 
v 20 mV/s sweep rate 
Estep 10 mV voltage steps  
tstep 0.5 s time stepping  
 
Table: Electrochemical and voltammetric parameters applied to model the characteristics of the 
alumina sensor in Chapter \ref{ch:AlOx}. 
 
  
Table 3.5: Electrochemical and voltammetric parameters applied to model the character-
istics of the alumina se sor in Chapter 5.
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Chapter 4
Nanoporous Microelectrode Sensors
In the following chapter, we present the nanoporous dual-microelectrode sensor chip1. Hold-
ing an arrangement of 32 dual-microelectrodes, it is particularly developed for the detection
of localized events. In this regard, large amplification factors lead to high sensitivities of each
of the microelectrodes. The sensors thereby show the expected, fundamental redox cycling
behavior. Moreover, the reactions between analyte and electrode are clearly reflected in the
signal. As the current characteristics can specifically be attributed to the individual signal-
defining parameters, the sensor enables precise investigations on the transfer characteristics.
The unambiguity of the results is found to be a distinct consequence of the conjunction of
porous geometry and nano dimensions.
1This chapter is part of a prior publication entitled “Redox cycling in nanoporous electrochemical devices”
and the according supporting information, published in Nanoscale, October 2013. See ref. 67
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Figure 4.1: Design of the sensors: (a) photograph of a chip holding 32 dual-electrode
sensors and (b) a top view on a 35µm dual-electrode, (c) a close-up upon the electrode
pores and (d) a cross section of a single pore cut via focused ion-beam etching. Images (b-d)
are recorded with scanning electron microscopy. The structure in (b) thereby is a Moiré
pattern resulting from the scanning step width and the actual nanoporous pattern.
4.1 Sensor Geometry
A typical nanoporous sensor array is shown in Figure 4.1. The 1”-chip holds an array of
32 redox cycling sensors, which are arranged on a square grid at an inter-sensor spacing
of 400µm. The electrode radii of individual sensors are either 25µm, 35µm or 50µm,
depending on the sensor type. The inner part of the electrode is porous while the top
electrode is planar at an outer rim of 2µm. The inter-pore distance of the hexagonally
arranged pores is dint = 200 nm. This leads to a number of 48 000, 98 900 and 209 200
pores for the sensors of varying diameters. The pore arrangement is shown in Figure 4.1c.
Figure 4.1d shows a cross section of a single pore obtained via focused ion beam (FIB)
cutting. From bottom to top we see the lower platinum electrode (bright) and the 100 nm
silicon nitride spacer (grey). The top electrode (dark grey) blends into a platinum protection
layer, which has been evaporated for cutting the pore with a focused ion beam. Based on
scanning electron microscopy (SEM) recordings of breaking edges we deduce a layer thickness
of about 10 nm. Accordingly, the top layer was thinned down to some degree during reactive
ion etching (RIE). Between insulator and electrodes a 10 nm adhesion layer of titanium is
deposited. Consequently, the electrode distance of our sensor sums up to 120 nm.
Interestingly, the pores exhibit a conical shape with a larger aperture at the top electrode
than at the bottom electrode. The radii at the pore’s top amount to rtop = 57 nm while the
bottom radii average to rbot = 40 nm. For different batches of sensors these aperture sizes
can vary. The apertures of the smallest functional pores amount to radii of rtop = 40 nm at
the top and rbot = 29 nm at the bottom. We ascribe this fact to slight variations during the
RIE process used to transfer the porous pattern onto the chip.
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Figure 4.2: Potential-dependent currents of the nanoporous sensor obtained via cyclic
voltammetry (a) and the difference (Itop − |Ibot|) between the experimental top and bottom
currents (b) representing the non-redox cycling part at the top electrode. Experimental
values (red) are derived from 50µM Fc(MeOH)2 in an 100 mM KNO3 supporting electrolyte.
The currents are approximated theoretically (black) assuming k0 = 6.0 cm/s and α = 0.49.
The sweep rates in both cases are 50 mV/s. In (a) top currents are marked by straight lines
and bottom currents are represented by dashed lines.
4.2 Basic Electrochemical Characterization
4.2.1 Redox Cycling
The graphs in Figure 4.2a show the typical cyclic voltammogram obtained by sweeping
the potential of a single nanoporous top electrode while holding the bottom electrode at a
reducing potential of −25 mV vs. Ag/AgCl. For comparison we present the data of three
different sensors. The recordings are all derived from 35µm-sized electrodes on a chip with
pore radii of 57 nm at the top and 40 nm at the bottom.
As long as top and bottom electrode of a sensor are both in a reducing state there is
no redox cycling current to be detected. For opposing electrode potentials of −25 mV and
+575 mV vs. Ag/AgCl a maximum redox cycling current is observed. In this configuration
an electron is transferred by each redox molecules from the cathode at the pore bottom to
the anode located at the upper periphery. Following the definition of conventional current
we detect a negative current at the bottom and a positive current at the top electrode. The
switching between cycling on- and off-state mainly occurs in a sharp transition regime of
about 150 mV. Therefore, in a first approximation, we can assume that the ratio of oxi-
dized and reduced molecules at the top electrode is essentially set according to the Nernst
Equation 2.11. Consequently, the redox potential E0 of Fc(MeOH)2 is identical to the po-
tential of the top electrode Etop at which the rise in current reaches its maximum. To avoid
uncertainties caused by capacitive effects of the sweeping top electrode we use the bottom
current and determine the redox potential, which corresponds to E0 = 250 mV versus the
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Figure 4.3: Simulated concentration distribution (cox) of the oxidized species in a nanopore
for electrode potentials of Etop = 450 mV and Ebot = −25 mV. The overall analyte concen-
tration amounts to 50µM. Transfer rate and coefficient are k0 = 6.0 cm/s and α = 0.49,
respectively.
Ag/AgCl reference electrode. The observed behavior is in accordance with what we expect
for Fc(MeOH)2 in aqueous solutions. According to a rule of thumb being valid for planar
nanocavity sensors,50 symmetric reaction kinetics only affect the signal if ktop,bot ≤ 10Deq/h,
whereas h refers to the electrode distance and Deq = 6.4 × 10−6 cm2/s to the species inde-
pendent diffusion coefficient.96 As the electron transfer rates found in literature typically lie
in the range of several cm/s the redox cycling process can be assumed to be mainly diffusion
limited. Also the redox potential derived matches previously reported values under similar
electrolyte conditions.50,105
To test if the signals are congruent with the special geometry of our sensor we perform
numerical simulations of a sensor’s pore with electrode boundary conditions based on the
Butler-Volmer Equation (see Section 3.3.3). With an electron transfer rate ktop,bot = 6.0 cm/s
and a transfer coefficient α = 0.49 for Fc(MeOH)2 in aqueous 250 mM KCl,50 the simulated
redox cycling current particularly matches the recorded bottom electrode currents (Fig-
ure 4.2a). Since electron transfer kinetics are known to vary between different electrolytes
and differently fabricated sensors, we also investigated the effect of ktop,bot on the simulated
current. In a regime above ktop,bot = 6.0 cm/s we only see marginal impacts on the signal
shape and magnitude. The resulting curves are all comparable to the graph in Figure 4.2a.
Thus, the rule of thumb mentioned above also holds for our porous sensor.
For the top currents we find certain deviations. This is due to the applied model, which
does not include effects other than redox cycling in individual pores. The increasing current
at negative potentials is not a redox cycling effect but is caused by the reduction of oxygen
and possibly includes the reduction of nitrates from the electrolyte.130 At positive potentials
we see a slight increase of the oxidative branch exceeding the redox cycling current, which
can be explained by the exchange of Fc(MeOH)2-species between the reservoir and the top
electrode. This explanation is confirmed by the trace in Figure 4.2b, where the additional
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current exhibits the same characteristic that is generally derived from recordings at microdisc
electrodes (compare Section 2.7). As the majority of molecules diffuses radially towards the
sensor, the flux arriving from the bulk volume is largely caught by the top electrode’s non-
porous rim. The porous part, which is lying closer to the top electrode’s center, on the
contrary, is affected less by mass exchange with the reservoir. Here, the concentration ratio
can be easily set by the electrode potential. This is also what we observe in the simulation
of a single pore.
As shown in Figure 4.3, the Fc(MeOH)2-molecules at the upper surface are almost exclu-
sively in their oxidized state when applying a potential of 450 mV. At the bottom electrode
the molecules of the Fc(MeOH)2-couple are easily converted as well. Consequently, we find a
steep gradient between top and bottom electrode being the condition for high redox-cycling
currents. The signal characteristics can be described quite well assuming standard electro-
chemical parameters in a simple model. However, we will show later in a more detailed
analysis that depending on the geometry and configuration of the sensors, parametric fits
can be highly misleading if no further data is taken into account.
4.2.2 Varying Operation Modes
Besides the redox cycling configuration, the sensor can be operated in other modes. One is the
single-sweep mode, where only one electrode potential is swept. The other electrode potential
is floating as it is not biased to a fixed potential. The resulting currents for a 50µm electrode
with (rtop = 44 nm, rbot = 29 nm) are presented in Figure 4.4a,b. In principal, top and bottom
electrode feature typical voltammograms of a sweeping microelectrode. Superimposed by
background currents, the analyte currents approach two distinct phases at the two opposing
overpotentials. Sweeping the potentials across the redox potential E0 = 250 mV causes a
continuous change between the maximum states. A characteristic current overshoot indicates
the conversion of the analyte species accumulated at the vicinity of the electrode during the
prior phase of maximum conversion.
Interestingly, the analyte currents at top and bottom electrode are comparable in mag-
nitude. Implying perfect analyte conversion at both the nanoporous top and the recessed
bottom area, a linear correlation between radius and limiting current should be given.92,93
With a top electrode radius of 50µm and a distance of 48µm between the outer nanopores
and the electrode center the bottom currents should approximately amount 1.44 nA for top
currents of roughly 1.50 nA. The fact, that the bottom currents reach only about 1.25 nA
simply illustrates that not all of the reduced molecules diffusing towards the electrode are
oxidized at the outer pores. Instead, the analyte is partially converted within nanopores
lying closer to the array’s center. This behavior is easily explained by the small openings
towards the bottom electrode. Eventually, the bottom electrode covers less than 8% of the
porous area. Accordingly, variances along the bottom currents of different dual-electrode
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Figure 4.4: Cyclic voltammograms obtained from three dual-microelectrodes (light to dark
blue coloring) for different sweeping configurations: In (a,b) either the top electrode or,
respectively, the bottom electrode is individually swept while the opposing electrode is unbi-
ased. In (c,d) both electrode are swept simultaneously across the same potentials. Sweeping
the top electrode while keeping the other at a constant potential yields the typical redox cy-
cling characteristics (e). The non-redox cycling part of the top electrode currents (Itop−|Ibot|)
is plotted in (f). Signals are obtained from 50µm sensors using 100µM Fc(MeOH)2 in an
aqueous 100 mM KNO3 electrolyte. Sweep rates are 50 mV/s.
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sensors might indicate differing aperture sizes. Contrary to the analyte currents at the bot-
tom electrode, the top electrode currents are almost independent of the sensor. In both cases,
the analyte currents are superimposed by background currents, particularly at low reducing
potentials. As these currents presumably reflect non-diffusively limited surface reactions,
they are larger at the top electrode by a factor of about 12, which matches the ratio of the
surface areas of both electrodes.
Another feature of the sensor is unveiled when simultaneously sweeping top and bottom
electrode (Figure 4.4c,d). This way, both electrodes compete for the analyte supply from
the reservoir. As we can see, the top currents barely differ from the single sweep character-
istics. Changes in the flux towards the bottom electrode, however, are far from neglectable.
Indicated by the drastically reduced on-step around 250 mV the current induced by analyte
conversion does not exceed about 0.05 nA. The step height in single sweep mode, on the
contrary, amounts to almost 2 nA. Consequently, we find again that the bottom electrode is
strongly shielded from the reservoir by the top electrode.
Eventually, top and bottom electrode can be operated in redox cycling mode. In the
example in Figure 4.4e,f the top electrode is swept versus the bottom electrode, which is
fixed at −50 mV. In Figure 4.4e we find a redox cycling behavior identical to the one depicted
in Figure 4.2a. Additional currents detected at the top electrode (Figure 4.4f) can again be
attributed to single-electrode effects at the top electrode. This includes diffusive flux from
the reservoir, electrolyte reduction at low potentials and charging of the electrode/electrolyte
interface. Due to the equal electrode size the non-redox cycling currents in Figure 4.4f are all
equal in magnitude. The magnitudes of the redox cycling currents, on the contrary, correlate
to the current magnitudes of the separately sweeping bottom electrodes in Figure 4.4b.
Therefore, the redox cycling currents are mostly determined by the integrated kinetics of the
bottom electrode and, as we suspect, by the exact pore sizes of different sensors.
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4.3 Amplification and Sensitivity
As discussed above, the current of the bottom electrode represents almost exclusively con-
tributions by redox cycling. The top electrode, on the contrary, depicts both, redox cycling
current and current deriving from bulk diffusion (Figure 4.2b). The additional current should
be the same as the current obtained from a free single disk electrode. Calculating the ratio
of both currents therefore yields a characteristic value that we can call the amplification
factor Θ of the nanoporous sensor due to redox cycling:
Θ = |Ibot||Itop| − |Ibot| (4.1)
To preferably include the currents originating from the electrochemical conversion of the
Fc(MeOH)2-couple we only consider the current increase between +50 mV and +450 mV.
Thus, the currents read:
Itop,bot = Itop,bot(Etop = +450 mV)− Itop,bot(Etop = +50 mV). (4.2)
This definition particularly excludes signals originating from oxygen reduction. The rise in
current at the bottom electrode should therefore simply reflect the onset of redox cycling.
At the top electrode minor amounts by oxygen reduction might still be included, since the
potential windows of oxygen reduction is not perfectly separated from redox cycling onset.
However, the result for signal amplification will be slightly under- not overestimated. Even-
tually, we find amplification factors of 16-18 (25µm electrodes) and 30-40 (50µm electrodes)
for the nanoporous dual-electrode sensor.
The amplification is directly affected by the lateral size of the sensor. While the redox
cycling flux scales with the active area of the sensor, the flux from the reservoir in steady
state scales with the electrode radius for microscopic devices. Thus, the ratio increases
approximately linearly with the electrode’s diameter. This is what we observe for the smallest
and the largest electrodes. Surprisingly, the maximum amplification factors amount to Θ =
31 − 46 for the 35µm-sized sensors. The high amplification factors for these devices are
presumably the consequence of variances in fabrication. As we will show in the following
sections, minimal differences in pore radii can have a significant impact on the redox cycling
current. It should be noted that if the amplification factor is defined according to57,64 by
the ratio of the bottom electrode currents in the redox cycling on-state relative to the mode
at which both electrode are set to reducing potential, the nanoporous sensors presented
here exhibit amplification factors up to 500. This factor significantly exceeds previously
reported values obtained with porous redox cycling devices. It is, however, not identical to
an improvement in sensitivity.
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Figure 4.5: (a) Cyclic voltammograms recorded for a 50µm electrode with varying
Fc(MeOH)2 concentrations. The top electrode (straight lines) is swept versus the bottom
electrode (dashed lines). The potential of the later is fixed to Ebot = −50 mV. (b) Concen-
tration series for currents of the bottom electrode at Etop = 450 mV for different electrode
sizes.
Independent of the exact amplification factor we expect a linear correlation between ana-
lyte concentration and signal amplitude for each electrode. Figure 4.5 shows the response
of the nanoporous sensors for three concentration series ranging from 500 nM to 175µM.
Every series was divided in three sub-series (see 3.2.2). In Figure 4.5a we see the result-
ing cyclic voltammograms of one concentration sub-series using a 50µm sensor. As the
absolute values at 450 mV indicate, we find the expected linear behavior for all electrode
sizes (Figure 4.5b). For the 25µm, 35µm, and 50µm electrodes the sensors turn out to be
34.5 nA/mM, 87.2 nA/mM and 161.4 nA/mM, respectively.
Deviations from the linear behaviour are mainly in the same direction for each sub-series.
Therefore, residues at the encapsulated chip or at the reference and counter electrode are
a likely cause of the deviations. Also surface modifications, like washing off or depositing
dust on the sensors surface, might occur during analyte exchange. Since those deviations
are small, one can easily specify the sensitivity for the sensors presented.
The redox cycling currents in respect to the sensor’s nanoporous area are 2.1 mA/mM cm2,
2.5 mA/mM cm2 and 2.2 mA/mM cm2 for the 25µm, 35µm and 50µm sensors presented
here. The observed variations are attributed to differences of the pore radii. Even on a
single chip variances of roughly 5% for the overall current are found. Interestingly, our
simulations show that varying an average pore by only 1 nm already leads to an appropriate
change in current.
Eventually, the sensors presented here show some aging effects, which push the signal
below the theoretically expected values. Freshly finished and un-encapsulated sensors, how-
ever, feature the theoretically predicted sensitivity, which is limited only by the diffusion of
Fc(MeOH)2. For pores with a size of rtop = 57 nm and rbot = 40 nm (Figure 4.1 and 4.2) we
reach per-area sensitivities of about 9.0 mA/mM cm2. With respect to the actual electrode
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Figure 4.6: (a) Cyclic voltammograms recorded for a 50µm electrode at varying
Fc(MeOH)2 concentrations for a sweeping bottom electrode (dashed lines) and a reduc-
ing top electrode (straight lines), which is set to Etop = −50 mV. (b) Concentration series
for the currents of the bottom electrode at Ebot = 450 mV for different electrode sizes.
area at the bottom electrode, the sensitivity reaches 81.0 mA/mM cm2 which is the maxi-
mum value of all chips produced. Since we investigate redox cycling on the nanoscale we
are able to detect the subsequent changes in reaction probability even for a redox-molecule
like Fc(MeOH)2 with generally high transfer rates. After encapsulation and first sweeps
the current usually stabilizes. Reliable long term measurements can then be performed as
demonstrated by the linear current-concentration relation shown in Figure 4.5b.
The aging effect further has a very specific impact on the sensor behavior. When biasing the
top electrode to a reducing potential and sweeping the bottom electrode, thus inverting the
potential configuration, we find a sensitivities differing from the above values (Figure 4.6b).
Here, the sensitivities amount to 24.8 nA/mM, 69.5 nA/mM and 87.2 nA/mM. As to ex-
pect, the currents recorded at the top electrode (solid lines) are negative reducing currents
(Figure 4.6a), while the bottom currents (dashed lines) are oxidizing and therefore positive.
Obviously, however, the redox cycling currents have not reached the maximum values at the
set overpotentials. The origin of this behavior is more closely addressed within the next
section.
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Figure 4.7: Top currents (solid line) and bottom currents (dashed line) obtained for 100µM
Fc(MeOH)2 and 100 mM KNO3 supporting electrolyte. Either the top electrode (red) or the
bottom electrode blue is swept over the potential range. The other electrode is set to a
constant reducing (a) or oxidizing (b) potential.
4.4 Impacts of Electron Transfer and Electrode Areas
Until now, we have discussed the signal characteristics obtained by sweeping the top electrode
versus a reducing bottom electrode. In Figure 4.7 we see a more detailed characterization
of a nanoporous sensor. For the traces in Figure 4.7a one electrode is constantly held at a
reducing potential of −50 mV while the other electrode is swept over the depicted potential
range. Figure 4.7b shows data taken with one electrode being fixed to an oxidizing potential
(+550 mV). Solid and dashed curves represent the currents of the top and bottom electrode,
respectively. The color indicates whether the top (red) or the bottom (blue) is swept over
the voltage range while the other electrode is set to a constant potential. The traces were
recorded with an aged 50µm sensor holding pore radii of ttop = 57 nm and rbot = 40 nm.
For the currents of the top electrode sweeping versus −50 mV (Figure 4.7a, red traces)
we can once again see the familiar behavior previously shown in Figure 4.2a. Yet, when
sweeping the bottom electrode and keeping the top electrode at −50 mV (Figure 4.7a, blue
traces), the curves display an interesting feature: Compared to the sweeping top electrode
current slope and magnitude of the sweeping bottom electrode are clearly decreased. At
first thought, one might expect the graphs of both configurations to be identical. In our
case, however, the geometric factors of the nanoporous sensor have to be considered. One
important factor is the difference in surface size for the top and bottom electrodes. The area
ratio Atop/Abot amounts to values larger than 5 even for chips, which hold the largest pores
fabricated.
This disparity can already qualitatively explain a slower increase of the current during a
bottom sweep: Due to the limited area the integrated kinetics of the lower electrode are
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rather small. At the larger top electrode the concentration ratio of the Fc(MeOH)2-species
can approximately follow Nernstian behavior. As a consequence, the concentrations at the
bottom electrode are significantly affected by the upper electrode’s concentrations. One has
to apply higher overpotentials at the bottom electrode to reach the limiting current, than at
the top electrode. Thus, the slope for a sweeping bottom electrode is less steep.
Differing integrated kinetics, however, cannot solely explain the distinct current at max-
imum overpotentials. Assuming a symmetric transfer coefficient α, the magnitude of the
redox cycling current should not depend on the orientation of the potential at one electrode
as long as both electrodes are biased to opposing overpotentials of the same magnitude.
The graphs for the two electrodes in reducing state (Figure 4.7a) should therefore meet at
+550 mV. We can also exclude species exchange with the reservoir as a possible reason.
Comparing the currents of top and bottom electrode for opposing concentrations we find
the difference to be rather small. Variances between the two potential configurations are
significantly larger. This can only be described by a symmetry factor α being significantly
larger than 0.5.
As we have seen in Section 2.3.2, an asymmteric transfer rate, which is differing from
α = 0.5, can be interpreted as a symmetric transfer reaction with a modulated transfer rate
k˜ = ks exp
(
(0.5− α)f(EEl − E0)
)
(4.3)
For α  0.5 the transfer probability will be increased at potentials below E0, while it will
decrease with rising potential. Within this picture the observed differences between differing
configurations become perfectly clear: In the configuration, at which the larger top electrode
is biased to an oxidation potential, the hindered electron transfer rate is compensated by the
relatively large area. At the other electrode the transfer kinetics are enhanced. The kinetics
of the bottom electrode do not influence redox cycling and the process is diffusion limited.
If both electrodes are switched to the inverse overpotentials the situation differs completely.
Along with its larger surface area, the top electrode features the improved transfer rate. On
the other hand, the reaction at the bottom electrode, which is already restricted by geometry,
suffers from additional limitations by the asymmetric transfer coefficient. Thus, the redox
cycling current is limited by the bottom electrode’s kinetics.
An asymmetric factor α can further explain an interesting fact regarding electrode foul-
ing. As we generally observe, the currents at maximum overpotentials drop over time with
rates depending on the overpotential configuration. This fact can be ascribed to the double
limitation the bottom electrode has to face when being in oxidizing state. Hence, tweaking
the reaction constant ktop,bot has a noticeable impact. In the opposite configuration changes
in ktop,bot are less substantial, since the system is mostly diffusion limited. Eventually, the
sensitivities are configuration-dependent, as can be seen from Figure 4.5-4.6. For α = 0.5
and equal diffusion constants for the reduced and oxidized species, both curves would always
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meet at maximum overpotential, regardless of the electrode for which the transfer rate k0 is
changing.
The either restricting or enhancing qualities of α can also be seen when comparing the
bottom electrode sweeps versus −50 mV and versus +550 mV. As described above, the
current is limited by decreased kinetics when sweeping the bottom electrode versus −50 mV.
Sweeping the electrodes potential versus +550 mV the effective reaction rate below E0 is
increased. Accordingly, we see a sharp rise and the maximum current is larger than the
maximum current for the inverse configuration.
When sweeping the top electrode versus the bottom electrode biased to +550 mV (red
curves in Figure 4.7b) we also obtain a clear step. Referring to this curve as being diffusion
limited is still misleading. As discussed above, the maximum current is limited by the
bottom electrode’s integrated kinetics. This allows the concentrations at the top electrode to
follow the Nernstian behavior even more easily as during the sweep versus −50 mV. Though
the concentrations at the bottom electrode are gradually brought out of equilibrium, the
concentration ratio reaches a constant value as soon as the ratio at the top electrode is
constant. Thus, the Nernstian behavior at the upper electrode is what is eventually reflected
in our signals as the step width.
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Figure 4.8: Redox-cycling current of the bottom electrode for a non-aged sensor from
Figure 4.2 and best fit with α = 0.88 and ktop,bot = 5.2 cm/s.
4.5 Numerical Analysis
4.5.1 Best Fits
After elucidating the experimentally observed current behavior we are able to reproduce our
data by numerical calculations. In Figure 4.8 we show the bottom current in response to a
sweeping top electrode. The additional curve shown is the best fit derived by a finite ele-
ment simulation. Treating electron transfer rate and transfer coefficient as free parameters
we obtain ktop,bot = 5.2 cm/s and α = 0.88. As we can see from the graph these kinetic
parameters lead to an almost perfect agreement of theoretical and experimental results. Es-
pecially the slight increase at higher potentials is matched. Also two of the characteristically
similar curves presented in Figure 4.2a are fitted best by α = 0.88. Their transfer rates
once amount to ktop,bot = 4.4 cm/s and once to ktop,bot = 1.2 cm/s. Only the curve featuring
the largest current in Figure 4.2a cannot be modeled numerically with comparable quality.
Tough the current magnitude can be matched with α ∼ 0.50 the typical current increase
above 350 mV is naturally not reproduced, since this behavior is connected to α  0.50.
The higher current might therefore simply be a result of slight variances regarding the pore
diameter. When allowing the current amplitude to be adapted, we find a transfer coefficient
of α = 0.84 and a heterogeneous transfer rate ktop,bot = 4.0 cm/s. By treating the maximum
current as a free parameter for the other curves as well we find the transfer coefficients
α = 0.78, α = 0.83 and α = 0.84.
We further simulate the current response for the four sweep configurations of the aged
electrode from Figure 4.7. The best fitting curves, which are shown in Figure 4.9, are in
good agreement with the shapes of the voltammograms recorded. Their kinetic parameters
are α = 0.90 for the transfer coefficient and ktop = 0.80 cm/s, kbot = 0.60 cm/s for the reaction
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Figure 4.9: Calculated redox-cycling currents of the top electrode (solid line) and bottom
electrode (dashed line) at an aged sensor. The data from Figure 4.7 is fitted with a transfer
coefficient of α = 0.90 and transfer rates are of ktop = 0.8 cm/s and kbot = 0.6 cm/s.
constants. The curves are allowed to scale by a common factor to fit the characteristic shape
rather than the exact current magnitudes. In sum, the values found for α lie in the range of
α = 0.78− 0.90.
Figure 4.10 presents the simulated distribution of the redox species in a nanopore. The
two configurations with maximum opposing overpotentials are shown. As mentioned above,
the top electrode can easily set the concentration ratio in both cases. The bottom electrode,
on the contrary, is only capable of full species conversation when it is in the reducing state
(Figure 4.10a). Being set to an oxidizing potential (Figure 4.10b) almost one out of four
Fc(MeOH)2-molecules at the electrode surface is still reduced. Due to the small area and
the high transfer coefficient the reaction probability is just too low in relation to the rapid
molecule exchange with the top electrode.
4.5.2 Geometrical Impact of Aperture Radii
Interestingly, differing surface sizes of top and bottom electrode are not the only significant
feature of the porous sensor. Other than for a nanochannel, for instance, the amount of
species conversion is not equally distributed over the active sites. This fact is illustrated
by Figure 4.10c, which shows the flux of the oxidized redox-active molecules for a reducing
bottom electrode and an oxidizing top electrode. The conversion will preferably happen
where the electrode spacing is minimal. These points are located at the intersections of
the electrodes with the pore walls. Consequently, the expansion of the areas close to these
electrode edges can be more important than the overall size of the electrodes. Differing
circumferences of the pore top and bottom might therefore facilitate distinct currents for
inverse configurations of high overpotentials.
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Figure 4.10: Simulation of the concentration distribution (cox) of the oxidized species (a,b)
and the according diffusive flux (c,d) in a nanopore at electrode potentials of Etop = 550 mV
and Ebot = −50 mV (a,c) and Etop = −50 mV and Ebot = 550 mV (b,d). The electrochemical
parameters are ktop = 0.8 cm/s, kbot = 0.6 cm/s and α = 0.90. With the asymmetric transfer
coefficient the species at the oxidizing bottom electrode (b,d) are not fully converted and the
redox-cycling process is partially suppressed. In the opposing configuration (a,c) we have a
rapid conversion at the bottom electrode, which is primarily located at the lower aperture’s
edge. The overall reaction at the top electrode is barely influenced.
In this context, molecules like Fc(MeOH)2 show a unique behavior. Due to the transfer
rate the redox cycling process at moderate overpotentials is determined by the surface size
of the bottom electrode. When increasing the potential difference the circumference of
the apertures should become the limiting factor. This specifically applies to the case of
a reducing bottom electrode (Figure 4.10c). Switching to oxidizing mode, we see a more
homogeneous flux distribution along the pore bottom (Figure 4.10d). Again, this is the
result of the diminished rate of electrode reactions described by the high transfer coefficient
(α  0.50). Thus, aperture size and electrode area generally have a distinct impact on
the signal characteristics. In our case, however, a separate discussion of each factor is not
practicable, as both are larger for the top electrode.
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Figure 4.11: Currents calculated for a pore modeled according to Neugebauer et al.57
(hpore = 200 nm, rpore ∼ 250 nm) assuming (a) fast and symmetric kinetics and (b) slower
asymmetric electrode reactions. Mutually used parameters are Deq = 6.4× 10−6 cm2/s and
E0 = 250 mV. Solid and dashed lines mark top and bottom electrode currents, respectively.
The current densities are given in respect to the basal area of the simulated segment rather
than the area of the actual sensor. The impact of distinct electrode kinetics (a, b) on signal
amplitude and shape proves to be small.
4.6 Relevance of Asymmetry and Dimensions
4.6.1 Pore Dimensions
When discussing the effects of different electrode areas and circumferences as well as the
importance of transfer rates ks and transfer coefficients α one should keep in mind the
significance of the most important geometrical factor, namely the pores’ structural sizes.
Firstly, the electrode spacing must be small enough to be in a kinetically limiting regime.
The axial extension should therefore not exceed values around 100 nm. Secondly, the lateral
dimension of structure must be far below the micrometer regime. When using a micropore
sensor, differing sizes of top and bottom electrode only have a small impact on the signal. The
reactions further take place closer to the circumference and the overall surface area becomes
less important. Assuming a unchanged slope at the pores flank, the ratio of both electrodes’
circumference approximates unity with increasing diameter. An asymmetric behavior could
furhter not be restored by slower falling walls. For small gradients upper and lower electrode
were apart by a distance at which diffusion would dominate the process. Consequently, the
strong dependence on geometry is a typical characteristic of pores in the nanometer range.
To underline the importance of the sensor dimensions we simulate a sensor with the radii
rtop = 250 nm, rbot = 225 nm and an insulator thickness of hpore = 200 nm. These values
reflect the geometrical parameter of sensors, which have been previously introduced by the
groups of Spatz, Stelzle and Schuhmann.57 Further assuming a cell radius of rvol = 500 nm
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Figure 4.12: Calculated currents of a nanochannel for (a) an electrode sweeping versus
a reducing electrode (Ebot = 50 mV) with differing parametric sets of channel height h
and transfer coefficient α. Graph (b) depicts a full characterization like performed at the
nanoporous sensors for the parameter set (h = 50 nm, α = 0.85). The reaction rate is
assumed to be k0 = 6.0 cm/s, other values are E0 = 251 mV and Deq = 6.7 × 10−6 cm2/s.
Solid and dashed lines mark top and bottom electrode currents, respectively. Effects caused
by an asymmetric transfer coefficient α can easily be attributed to uncertainties regarding
the electrode spacing.
we obtain the characteristics presented in Figure 4.11. Figure 4.11a reflects the result ex-
pected for fast and symmetric kinetics, Figure 4.11b shows the strongly asymmetric case
with lowered kinetics. Though the top and bottom radii are clearly different, hardly any
curve separation at high overpotentials can be seen. Also the separation around 300 mV
caused by the different electrode areas of the sensors presented whithin this work is missing.
4.6.2 Asymmetric Geometry
As proven above, the electrode distances have to be rather small to obtain currents that are
not primarily limited by diffusion. Such a system is also represented by two electrodes located
at opposing walls of a nanochannel. Despite the close electrode spacing the determination of
kinetic parameters, particularly the one of the transfer coefficient, can still be challenging.
Here, the nanoporous design is superior to sensors with a symmetric electrode arrangement.
To illustrate our point, we calculate the currents to expect from a nanochannel. Except for
the geometry we use the same mathematical model that is applied for the nanopores. The
model parameters are adapted from experimental investigations of Zevenbergen et al. on
Fc(MeOH)2 in a KCl electrolyte.50 The parameters include a transfer rate of k0 = 6.0 cm/s
and transfer coefficient α = 0.49. The channel height given amounts to h = 53 nm. For
additional simulations a transfer coefficient of α = 0.85 and a channel height of h = 50 nm
is used as well.
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As we can see from Figure 4.12a the currents for (h = 53 nm, α = 0.50) and (h = 50 nm,
α = 0.85) match each other quite well. Assuming a transfer coefficient α ≈ 0.85 for a
channel height of h = 53 nm, on the contrary, would yield currents largely deviating from
the recorded signal. Consequently, fitting currents recorded in a channel with h = 50 nm
from and asymmetric electrode reactions, the transfer coefficient is more likely to return
α ∼ 0.50 when presuming h = 53 nm. Thus, a modification of the channel height has a
direct impact on the derived transfer coefficient.
Interestingly, the channel height aimed for during fabrication in the particular case of
Figure 4.12 amounts to 50 nm. The presumed height of 53 nm is based on the assumption
of obtaining maximal diffusion limiting currents at 450 mV. In an equal manner, the value
α = 0.49 given by Zevenbergen et al. is a result of that assumption. Therefore, it is possible
that the measurements presented by Zevenbergen et al. actually point at an asymmetric
transfer coefficient.
Even if performing a full characterization of the analyte in a nanochannel, asymmetric
electron transfer would not necessarily be detected (Figure 4.12b). Due to the symmetry
of the sensor the electrode currents do not depend on the electrode sweeping. Here, the
nanoporous sensor holds a clear advantage compared to nanochannel devices. As the exact
dimensions of a nanofabricated device might not be perfectly known to the experimenter the
definite asymmetry in the porous electrode geometry can unambiguously disclose asymmetric
transfer kinetics.
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4.7 Varying Electrochemical Parameters
4.7.1 Transfer Rates, Transfer Coefficient, and Redox Potential
As we have seen above, the clear identification of electrokinetic impacts on the redox cy-
cling signal is a characteristic feature of the presented nanoporous sensor. However, other
parameters than the transfer coefficient α might have influenced or even caused the observed
behavior. To exclude the possibility of additional electrochemical parameters affecting the
signal we performed numerical investigations on their impact on cyclic voltammograms.
With high and symmetric kinetics (ktop,bot = 4.8 cm/s, α = 0.50) we find currents that
are almost independent of the electrode sweeping (Figure 4.13a). Cyclic voltammograms
recorded versus an oxidizing electrode are further exchangable with the recordings taken
versus a reducing potential. The graphs only have to be mirrored at E0. Assuming a
reduced transfer rate of ktop,bot = 1.2 cm/s the slope reflecting the onset of redox cycling is
less steep (Figure 4.13b). It is further shifted towards larger overpotentials of the cycling
electrode. Due to the differing sizes of the electrodes the current derived from a sweep of the
bottom electrode is affected more severely. Changing the transfer rate of only one electrode
will almost exclusively affect the currents obtained when sweeping that particular electrode
(Figure 4.13c). Down to about 0.01 cm/s the transfer rates of an electrode biased to a fixed
potential are still high enough to ensure full analyte conversion at ±300 mV overpotential.
For the same reason, a redox potential differing from the assumed one does not have an
impact on the signal shape (Figure 4.13e). By setting E0 from 250 mV to 275 mV we only
find a shift of all graphs towards a correspondingly higher potential. Changes in the joint
diffusion coefficient Deq mainly affect the current amplitude (Figure 4.13f). For kinetics large
enough we find a linear correlation. However, with a growing Deq the kinetic limitations
become increasingly important for the signal shape. Like for a decreasing transfer rate, we
find a broadening and a shift of the redox cycling on-step.
4.7.2 Species-Dependent Diffusion Coefficients
Investigations on a redox-couple with distinct diffusion coefficients for its two species prove
to be more complex. Due to the differing transport properties from and towards an electrode
performing species conversion, the analyte molecules will either deplete or enrich at the sensor
surface.51,99,131 For redox cycling with identical diffusion coefficients only the restricted
species exchange between bottom and top electrode had to be considered. Here, we also
have to cover the overall exchange of molecules towards a large reservoir via the appropriate
diffusive coupling. In Figure 4.14 we present two exemplary cases.
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Figure 4.13: Calculated effects of non-instant electrode reactions. If not stated differently
the electrochemical parameters are E0 = 250 mV, ktop,bot = 1.2 cm/s and α = 0.50, while the
diffusion constant for both species is Deq = 6.4 × 10−6 cm2/s. Solid and dashed lines mark
top and bottom electrode currents, respectively.
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Figure 4.14: Simulated cyclic voltammograms with different diffusion coefficients for the
reduced (Dred ≈ 9.1× 10−6 cm2/s) and oxidized (Dox ≈ 4.5× 10−6 cm2/s) species. The pore
is coupled to (a) a quasi-infinite hemispherical and (b) a quasi-infinite cylindrical volume
holding completely reduced species. The electrochemical parameters are E0 = 250 mV,
ktop,bot = 1.2 cm/s and α = 0.50. Solid and dashed lines mark top and bottom electrode
currents, respectively. In (a) the inverted bottom currents (light grey) are plotted instead of
the top currents.
First, we present a simulated response of a single nanopore with the usual dimensions
(rtop = 57 nm, rbot = 40 nm) in the centre of a mircodisc with a 2.1µm-sized radius (Fig-
ure 4.14a). The pore is coupled to an extended reservoir (rvol = 400µm, hvol = 400µm),
which consequently facilitates radial diffusion. The current maxima are again independent
of the sweeping electrode. We only find the point of maximum slope to be shifted by about
15 mV towards higher potentials. With the diffusion coefficient of the oxidized species be-
ing smaller than the one of the reduced molecules (Dox = 0.5 × Dred) the parameters are
chosen in a way, that the number of molecules builds up at electrodes with higher poten-
tials. Consequently, the increasing current of the redox cycling on-step is overlaid by the
changing number of analyte molecules at the sweeping electrode. The concentration at the
non-sweeping electrode stays constant. Eventually, the analyte concentrations in full redox
cycling mode are always increased at the oxidizing electrode, while they are equal to the
concentrations within the reduced reservoir at the reducing electrode.
The pore coupled to a reservoir with rvol = 105 nm and hvol = 400µm, as a second example,
exhibits shifted slopes as well. The exact positions of the points of maximum rise, however,
are somewhat more diverse. This is likely due to the remarkable configuration dependence
of the signal amplitude: The current maxima differ by a factor of (Dox/Dred)0.5. As it
turns out, the restricted analyte supply, which comes along with the weak linear coupling,
is insufficient to increase the concentration at the sensor surface without decreasing the
concentration at the bottom electrode. In the inverse case only the concentration at the
bottom electrode changes, whereas the concentration at the sensor periphery matches the
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one of the bulk. Consequently, an overall increase in current can be observed. The detailed
mechanisms described in Chapter 5.4 and Appendix B.
Regardless of further investigations on whether the radial or the linear case represents the
behavior of a microelectrode sensor best (Section 6.3), neither the radial nor the linear case
of species-specific diffusion matches the behavior observed for a high transfer coefficient. De-
spite the differing maximum currents we do not obtain a clear bend at about 50 mV above
the redox potential, which is connected to α ∼ 0.9 (compare Figure 2.6 and 4.10d). We
further find that, within a reasonable range of electron transfer rates, the separation of the
maximum currents in Figure 4.14 for different diffusion constants is facilitated and not in-
hibited by higher kinetics. We conclude that possible diverging diffusion coefficients cannot
be the essential cause for the recorded signal shape as in Figure 4.7.
Finally, we can state that an adaption of the transfer coefficient to α = 0.78− 0.90 returns
by far the best results to model the redox cycling currents for Fc(MeOH)2 in the nanoporous
dual-microelectrode sensors. This way, the typical two-phase redox cycling on-step and
the distinct maximum currents obtained experimentally are perfectly matched numerically.
Modifications of all other model parameters lead to comparable results only if changing α
along with them. Else, a variation of any of those parameters yields very specific changes in
the current characteristics.
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4.8 Remarks on the Transfer Behavior
The performed investigations provide a clear and detailed view on the reactions at a nanoporous
sensor. The experimental results and numerical calculations feature a high similarity, which
can solely be obtained assuming a high asymmetric transfer coefficient. Besides advantages
for electrochemical sensing, the introduced nanoporous dual-electrode sensor therefore offers
a unique way to identify asymmetric transfer coefficients. As shown above this fact might
explain the discrepancy between the transfer coefficients of α = 0.78 − 0.90 and values in
the range of α = 0.49− 0.55 reported by Zevenbergen et al.50
The exact coefficient might further depend on electrolyte type and concentration as well as
on processes involved in sensor fabrication or the electrochemical history of the electrodes.132
Nanoelectrode studies on the related Fc(MeOH)1-couple in different electrolytes, for instance,
suggest transfer rates ranging from α = 0.20 up to 0.92.132–135 Investigations of TMA-Fc
yield values up to α = 0.79.136
Physically, the observed effect might be understood in terms of molecular reorganization
energy and conformational confinement of reduced and oxidized species137,138 (asymmet-
ric Marcus-Hush). It might also be attributed to electrophoretic effects (Frumkin) of the
polarized electrodes.139–143 The influence of these and other factors, such as long-range elec-
tron transfer probabilities at the electrode interface140,143–145 and potential-dependent anion
adsorption52,139 are discussed in Appendix A.
Eventually, nanoporous redox cycling sensors deliver a tool to precisely determine the
transfer coefficient α in agreement with the Butler-Volmer model and reproduce the observed
behavior numerically. The transfer rates ks = 0.6−5.2 cm/s obtained from our fit are further
in good agreement with the rates known for Fc(MeOH)2, which are reported to amount
ks = 1.5− 15.0 cm/s,50 as well as with the rates for the ferrocene derivates Fc(MeOH)1 and
TMA-Fc, which lie within a range of ks = 0.5− 18.8 cm/s.132–135
Chapter 5
Nanoporous Large-Area Sensors
As we have seen in the previous chapter, the nanoporous dual-electrode sensor represents
a versatile tool providing, on the one hand, high signal amplifications for analyte detection
while, on the other hand, enabling detailed studies on electrochemical parameters involved
in the electrode reactions. To promote a wide availability of the nanoporous sensor, however,
it is beneficial to reduce the effort involved in nanopatterning.
Consequently, we debut in this chapter a bottom-up fabrication process completely elimi-
nating the need for ebeam lithography or even reactive ion etching1. Instead, we make use
of a self-ordering process of pores that are forming in anodizing aluminum. To this end,
novel fabrication steps are introduced, which include the localized passivation of patterned
electrodes. Furthermore, various titania-etches with tunable selectivity are presented. Even-
tually, nanoporous dual-electrode sensors are processed in parallel on a 4”-wafer. The close
electrode spacing of 375 nm and each sensor’s large area of 9 mm2 yield uniquely high cur-
rents. Due to its very specific large-scale characteristics, the sensor additionally allows to
determine the distinct diffusion constants of the reduced and oxidized species.
1This chapter is part of a prior publication entitled “Nanoporous dual-electrodes with millimetre
extensions: parallelized fabrication and area effects on redox cycling”, published in Physical Chemistry
Chemical Physics, April 2014. See ref. 68
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f)e)d)
c)b)a)
Silicon Titanium Aluminum Platinum Photoresist
PolypyrroleSi-Oxide Ti-Oxide Al-Oxide
Figure 5.1: Key steps in the fabrication process of the nanoporous alumina sensor. After
the initial layer deposition (a) the aluminum is anodized (b) resulting in alumina pores,
which end in TiO2-plugs. All pores not protected by photo resist are subsequently opened
and widened in a wet etch (c). The electrode at the pore bottoms is then selectively re-
encapsulated (d) by electrodepositing an insulating polymer. After evaporation (e) of the
top electrode pyrrole and resist are removed yielding the final sensing area (f, right). Porous
parts previously covered by photo resist are neither opened nor widened and function as
passivation for the bottom electrode’s feed line (f, left).
5.1 Sensor Fabrication
A detailed description of the fabrication process of the nanoporous alumina sensor is given
in Section 3.1.2. Focusing in the following on the newly developed processing steps, however,
we recapitulate here the three basic stages the fabrication is divided into. As we can see
from Figure 5.1, these stages include the deposition of the Ti/Pt bottom electrode and an
additional Ti/Al film (Figure 5.1a), the generation of a porous insulating spacer from the
the Ti/Al layer (Figure 5.1b,c) and the deposition of the Ti/Pt top electrode (Figure 5.1d,e).
Finally, we obtain a sensor at which the bottom electrode is separated from a porous top
electrode by an equally porous insulating layer (Figure 5.1f, right). The above phases include
three key steps, which are particularly developed to enable the production of a large-area
dual-electrode sensor.
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5.1.1 Protective Anodization-Stopping Layer
The first key step in fabrication regards the deposition of an aluminum film (Figure 5.1a) and
its subsequent anodization yielding a nanoporous insulating alumina spacer (Figure 5.1b).
Beneath this film two layers of 10 nm Ti are deposited on top of the platinum bottom elec-
trode. These layers fulfill a crucial task: In sum, they operate as a barrier layer to hinder the
pores forming in the aluminum film during anodization to break through to the underlying
platinum electrode, thus causing electrolysis and corrosion. At certain material interfaces
anodization reactions are known to come to a halt.74 As alumina pores reach titanium,
for instance, no titania pores are formed under the given anodization conditions.146–148 In-
stead, the oxidizing titanium expands into the alumina pores and seals, in our case, the
platinum/electrolyte interface with titania plugs. To obtain a homogeneous termination of
the anodization as well as an optimal adhesion of the formed layer stack each of the hetero-
geneous interfaces of the titanium layer (Pt/Ti and Ti/Al) are preferably deposited within
the same evaporation process without exposing the sample to air.
Depositing the entire titanium barrier within the same step likely results in local detach-
ments of the anodized alumina film. Particularly at the electrode edges a structured and
therefore thinned titanium layer will allow the pores to break through to the platinum
electrodes. Evaporating the titanium film during the following metallization step, on the
contrary, seems to have a more general effect on the adhesion between platinum and the
barrier layer. Here, a deposition of carbon or even a simple settlement of minor dust par-
ticles onto the platinum surface during the exposure to air or to the liftoff solutions might
be accountable. Structuring an unpatterned electrode/barrier stack by reactive ion etching
(RIE) finally yields protruding redepositions at the edges of the conducting paths, making
the divided titanium deposition the favorable option.
5.1.2 Selective Chemical Etching
Following the anodization process, the titanium oxide plugs, which have grown into the
pores, have to be removed (Figure 5.1c). Electrical81 or electrochemical82 processes are
not applied as they are assumed to primarily facilitate the barrier removal at points with
reduced trans-barrier resistance. Geometrical inhomogeneities at the titania/alumina inter-
face might thus be increased. Using potentials beyond the electrochemical window of water,
these processes can further lead to electrolysis and sample destruction.149 Consequently, a
chemical etch for the selective removal of titanium oxide versus alumina has previously been
reported.60,148 However, the wafer cleaning solution (SC-1) consisting of a slightly diluted
mixture of H2O2 and NH4OH is a strongly hazardous etchant. Furthermore, it has shown
an insufficient homogeneity along large areas of structured layer stacks. Indicated by early
bubble formation, especially the titania removal at the edges of the underlying electrode is
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Figure 5.2: The effect of different etching solutions (a-e) used for titania-plug removal on
the final pore width of the nanoporous alumina samples. Upper pictures show top views
recorded via scanning electron microscopy, the lower row depicts breaking edges (60◦ angle).
Pores with radii reaching from below 10 nm to 25 nm can easily be obtained. HEPES samples
(d, e) were fabricated starting from 300 nm aluminum films; for all other samples 200 nm
aluminum was used.
found to progress faster than at the electrode centers. Accompanied by the rapid bubbling at
the freed platinum electrode the etching speed of the porous alumina is drastically increased.
Also mechanical stress might be induced.
Interestingly, we find a wide range of slightly acidic ammonia- and fluoride-free solutions
perfectly suiting our needs as demonstrated in the SEM images of Figure 5.2. A simple, two
component etchant is given by an aqueous solution of 30wt.% hydrogen peroxide containing
0.35M HEPES buffer. Appling the etch at elevated temperature (50 ◦C), the titania at the
pores is removed and the alumina pores are slightly widened within one step (Figure 5.2d).
Aiming for a higher selectivity the perfect candidate a is mixture of 30wt.% hydrogen perox-
ide holding 0.05M of EDTA. Adding, for instance, 0.35M of sodium acetate further decreases
the etching time to about 50 min while increasing the pH of the solution (pH ∼ 4). As we can
see in Figure 5.2a this new etching solution does not visibly attack the aluminum oxide, but
it reliably etches the titania plugs. If, on the contrary, a widening of the pores is preferred
oxalic acid can be added to any of the above solutions to gradually reduce the selectivity.
The result for a peroxide-acetate-EDTA (PAcE) etching solution containing 0.15M of oxalic
acid is shown in Figure 5.2b. Adding oxalic acid to the HEPES solution yields even wider
pores (Figure 5.2e). This tunable selectivity easily enables a defined control of the final
diameter of the pores parallel to the pore opening.
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Instead of acetate also a phosphate buffer can be used to obtain a titania etch. As we can
see in Figure 5.2c for a 0.2M K2POH4-solution, the phosphate etch again offers a lower selec-
tivity versus alumina, even when being used without oxalic acid.2 As a widening of pores is
desired, the electrochemical results presented here are derived from phosphate etched pores.
In any case, a freshly prepared solution is used. With the ongoing decomposition of peroxide
a decreased etching speed is observed for solutions being older than a few hours. Approxi-
mately 10 min after the first homogeneous occurrence of bubbles on top of the conducting
paths the successful plug removal is finally indicated by a fast release of small bubbles, which
might be interpreted as foaming. Interestingly, though, bubble formation is rather decent
when using H2O2 − HEPES solutions. Contrarily, a mixture solely consisting of diluted H2O2
and acetate leads to early and rapid bubbling (∼ 15 min) without a successful plug removal
at the pore bottoms. Thus, the formation of bubbles has to be seen as a etchant-specific
indicator.
5.1.3 Localized Electrochemical Passivation
Prior to the evaporation of the top electrode onto the alumina film the organic compound
pyrrole is electrochemically deposited onto the bottom platinum layer (Figure 5.1d). Due to a
simultaneous over-oxidation in a slightly basic NaHCO3-solution151,152 (pH ∼ 9) we obtain an
encapsulating polypyrrole (PPy) layer at all parts of the lower electrode facing the electrolyte.
This includes the alumina pore bottoms as well as possible defect spots. Shortcuts between
the bottom electrode and the evaporated top electrode are thus prevented. The film growth
is limited by the layer’s increasing resistivity and the simultaneously decreasing interface
potential at the PPy/electrolyte boundary. At the end of the deposition process the current
across the PPy-film is found to be about 4µA/cm2 at 1 V vs. Ag/AgCl. From a fabricated
Pt/PPy/Pt stack (Figure 5.3) we derive a layer thickness of 40 nm. The higher value of
100 nm given by Osaka et al.151 is attributed to a slower approach of the over-oxidation
potential, leaving more time for a regular film growth around +700 mV vs. Ag/AgCl.
Beneficial for the sensor fabrication, the film’s mechanical integrity is not affected by 3 min
exposures to ethanol, isopropanol, acetone and dimethyl-sulfoxide (DMSO). Cycling voltam-
mograms between the platinum layers of a testing stack of Pt/PPy/Pt reveal currents that
are growing exponentially up to several micro-ampere per square centimeter at 1 V potential
difference. Therefore, the layers resistivity is comparable to the one during deposition. The
residual conductance is dedicated to pre-conglomerated and less insolating PPy-strings that
are co-deposited in the PPy-layer. If desired, a distillation of the pyrrole solution used in
the bath solution could reduce the amount of pre-polymerized pyrrole.
2Regarding the final sensor the phosphate buffer used is suspected to be responsible for adsorption and
desorption peaks at roughly 100mV vs. Ag/AgCl (compare ref. 150). Due to high signal amplifications the
effects are negligible in our case. Experiments with low analyte concentrations, however, might suffer from
phosphate interferences so that PAcE solutions might preferably be used.
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Figure 5.3: A Pt/PPy/Pt stack used to define the thickness of the deposited polypyrrole
and its electrical isolation characteristics. Within the alumina template the PPy encapsula-
tion reaches a comparable height.
After the metallization process (Figure 5.1e) polypyrrole not being covered by the deposited
platinum can quickly be removed by oxygen plasma at a pressure of 0.3 mbar within about
5 min (Figure 5.1f). On the contrary, polypyrrole enclosed between top and bottom electrode
at defect spots is not removed and functions as a simple insulating spacer between the
electrodes. Porous parts of the wafer that have been covered with photo resist after the
anodization process are electrically inactive. On the one hand, the metal stack evaporated
to form the top electrode is removed via lift off. On the other hand, the bottom electrode
is isolated from the electrolyte by the alumina layer and the titania plugs terminating the
40 V anodization process.
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Figure 5.4: A photograph (a) of the crossbar sensor shows the lateral arrangement of the
bottom electrode (pink, left to right) and top electrode (grey, top to bottom) of 3 mm width.
The crossing area (center) is surrounded by a glass ring glued onto the chip. The central
sensing site is investigated more closely by scanning electron imaging of focused ion beam
cuts (b). Here, top and bottom electrode can be identified by their bright appearance. The
cutting edge’s normal is tilted downwards by 38◦ relatively to the direction of view.
5.2 Sensor Layout
The final sensor is presented in Figure 5.4. As we can see from the photograph in Figure 5.4a,
the layout of the 11 × 11 mm2 chip can be divided in four basic zones. Areas holding the
bare SiO2/TiOx/AlOx stack appear dark red. The top electrode, which is deposited onto
widened pores, shows a metallic grey. The feedlines of the bottom electrode, covered by
non-widened alumina pores sealed by titania plugs, appear in a pink color. At the central
3 × 3 mm2 crossing area, which is surrounded by a glass ring, the pores are widened and
opened towards the underlying bottom electrode. A closer look on the pore geometry is
given in Figure 5.4b by scanning electron microscopy (SEM) recordings of focused ion beam
(FIB) cut sections at the active sensor site.
Although the pores are not perfectly aligned in a regular pattern, due to the thin film
they are grown in, the pores unveil the typical geometry of the sensor’s nanopores. Top and
bottom electrode can be clearly identified by their bright appearance. In between we find the
porous alumina spacer, which shows a mid-grey tone. The central part of a pore appearing
in dark grey features a width of about 40 nm. At their top, the pores tend to feature radii
of about 10 nm. Depending on the specific pore the narrowing is the result of a tapering of
the alumina pores itself or the consequence of a protruding top electrode. Also at the lower
30 nm of a pore the radius roughly amounts 10 nm. Beneath this narrowed part and right
above the platinum bottom electrode we again find a wider region, which originates from
the titania plug removal.
In general, the geometry perfectly reflects the growth process of the alumina pores. The
tapering at the pores’ top is a result of the initial formation of a multitude of minor pores
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Figure 5.5: Cyclic voltammograms obtained for 330µM K3[Fe(CN)6] in 3M KCl supporting
electrolyte. Either the top electrode (red) or the bottom electrode (blue) is swept over the
depicted potential range. The opposing electrode is set to a constant reducing (a) or oxidizing
(b) potential. Top (solid) and bottom (dashed) currents are shown.
at random inhomogeneities. Only their competitive growth leads to fewer pores of larger
diameters.153 At the bottom of the alumina film the pore formation ceases as the alumina
front reaches the titanium.148 The narrowing at the pore bottoms therefore simply represents
the channel formed by the titania plugs during the final step of anodization.
5.3 Sensitivity
To characterize the nanoporous sensor we perform voltammetric sweeps of the sensor elec-
trodes in an aqueous 3MKCl electrolyte containing 330µM K3[Fe(CN)6] (Figure 5.5). While
the top (red) or the bottom (blue) electrode is swept, the opposing electrode is held at a
reducing potential of 50 mV (a) or an oxidizing potentials of 650 mV (b) vs. Ag/AgCl. As
we can see, no currents between both electrodes are detected for similar overpotentials. As
the sweeping electrodes potential approaches the redox potential close to E0 = 350 mV the
detected top (solid line) and bottom (dashed line) currents increase in a step like manner.
Induced by redox-cycling Fe(CN)3+/4+6 -ions current of about 100µA are reached at maxi-
mally opposing overpotentials. Simultaneously, the intrinsic conductivity between top and
bottom electrode amounts to only 150 nA and is therefore negligible.
Consequently, the fabricated sensor offers good sensing qualities with a unique sensitivity of
up to 330µA/mM. This sensitivity is equal to a signal amplification of approximately 730×
compared to the steady state current of single disk electrodes. Also, the redox-cycling sensi-
tivities reported in literature are exceeded by at least two orders of magnitude. Primarily due
to the smaller sensor dimensions the literature values, including the the dual-microeelctrode
sensor presented in Chapter 4, lie in the range of 100 nA/mM to 1µA/mM.58,64,67 But even
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the per-area sensitivity of 3.6 mA/mM cm2 of the presented sensor is situated at the upper
end of pore-based approaches.
The analyte exchange between top and bottom electrode and thus the signal magnitude
both benefit from the dense packing of the nanopores in the alumina membrane. Aiming
at optimized sensitivities, wider pores can be obtained by the addition of oxalic acid to
the plug-removal solution. Wafers etched with the highly selective oxalate-free acetate solu-
tion (PAcE) yield sensors holding pore diameters in the low nanometer range. With values
around 0.1 mA/mM cm2 they consequently show the lowest per-area sensitivities of all sen-
sors fabricated. When, on the contrary, carrying out an extended pore widening with, for
instance, HEPES and oxalate containing peroxide-etch simulations suggest that sensitivities
up to 10.0 mA/mM cm2 could be reached.
5.4 Nano-Electrochemistry at a Macro-Electrode
Comparing the current maxima of the two sweep configurations (Figure 5.5) we observe
a difference of about 11%. Other than in for the microelectrode sensor in Chapter 4 this
discrepancy is not a result of an asymmetric transfer coefficient. Instead, as numerical
simulations show, the different maximum currents can directly be attributed to the distinct
diffusion coefficients of the reduced and oxidized species of the Fe(CN)3+/4+6 redox couple. An
exemplary view on the analyte concentration is given in Figure 5.6 for maximally opposing
overpotentials. The analyte is considered to initially contain reduced molecules only. Setting
the upper electrode to a reducing potential (Figure 5.6a) composition and concentration at
the electrode remain unaltered. At the lower electrode, on the contrary, the molecules are
converted to the more mobile oxidized species. As the higher mobility implies an increased
chance of escaping the generating electrode, the absolute number of molecules at the pore
bottom is decreased. In a similar manner, the top electrode and its adjacent reservoir undergo
depletion, when biasing the top electrode to an oxidizing potential (Figure 5.6b). In general,
we find the concentrations at the macroscopic top electrode to follow the behavior of a single
electrode that is coupled to a quasi-infinite reservoir via planar diffusion.131
Interestingly, the effects on the concentrations at the bottom electrode differ from those
at the pore tops. While the concentration at a pore’s top changes by only (Dox/Dred)0.5,
the bottom concentration varies by a factor of (Dred/Dox)1.5 upon inversion of the electrode
potentials from Etop  E0  Ebot to Etop  E0  Ebot. This fact is ascribed to the quasi-
steady state inside the pores. As a consequence, the amount of analyte at the lower electrode
is linked to the concentration at the upper electrode rather than to the bulk concentration
(compare ref. 51). Solely depending on the overpotential configuration, the correlation is
given by cbotsum = Dox/Dred× ctopsum for an oxidizing top and a reducing bottom electrode or by
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Figure 5.6: Normalized distribution of the overall analyte concentration csum in a
nanoporous sensor undergoing planar diffusion in case of distinct diffusion constants for
reduced and oxidized species (Dred = 6.32× 10−6 cm2/s and Dox = 7.63× 10−6 cm2/s). Just
like the currents in Figure 5.5 the average concentrations within the pore are lower in case
of a top electrode being biased to 50 mV and a bottom electrode biased to 650 mV (a) than
for the inverse configuration (b).
cbotsum = Dred/Dox × ctopsum for the inverse case. A mathematically more detailed treatment of
this and the above matter is given in Section 2.5.4 and Appendix B, respectively.
Eventually, the absolute number of molecules participating in redox cycling is depending
on the potential configuration. In agreement with the average concentration in the pores we
deduce the ratio of the regarding currents at maximum overpotentials to be:
I(Etop  E0  Ebot)
I(Etop  E0  Ebot)
1D=
(
Dox
Dred
)1/2
(5.1)
This equation is a very specific result of the interplay of the specific geometry of hundreds
of millions of pores being densely integrated on a sensor array of millimeter dimensions. For
smaller devices, such as the microdisk sensor in Chapter 4, or sensors with symmetrically
arranged electrodes the redox-cycling currents I(Etop  E0  Ebot) and I(Etop  E0 
Ebot) are identical.51,67 Eventually, the data shown in Figure 5.5 represents a clear on-chip
observation of configuration-dependent currents. Similar analysis have only been reported
for an approach using SECM in the vicinity of biased macroelectrodes.99
As we can see the above equation, the ratio of the currents at maximum opposing over-
potentials is directly connected to the ratio γ = Dox/Dred. Furthermore, the current ratio
is independent of other parameters, such as the amount of reduced and oxidized species in
the bulk electrolyte. Consequently, the introduced nanoporous sensor provides a convenient
way for the determination of the analyte’s species dependent diffusion coefficients. When
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calculating the ratio of the diffusion constants from the experimental currents at ±300 mV
we obtain γ = 1.24. As kinetic effects are still notable at the chosen maximum overpoten-
tial, this presented result might be associated with some experimental uncertainties. The
derived value, however, clearly reflects the high mobility of the oxidized Fe(CN)3+/4+6 -ion. It
further is in perfect agreement with the values Dox/Dred = 1.19 − 1.24 expected from the
data available for 2M KCl solutions.100,101 To induce a redox-cycling state fully limited by
diffusion, higher overpotentials could be applied. Alternatively, the electrode spacing can
be enlarged. Starting with aluminum films of higher thickness the alumina sensor approach
offers the opportunity to gain pores with very high aspect ratios. Retaining the pore specific
layout, even the diffusive behavior of redox-couples with slow or highly asymmetric transfer
kinetics could thus be investigated.
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Chapter 6
Geometry-Specific Transfer Rates
Throughout the previous chapters the characteristics of the nanoporous sensors are deduced
from numerical investigations of a single pore. This approximation is perfectly justified
regarding the nanoporous alumina sensor as most of the sensor’s 9 mm2-surface undergoes
linear diffusion. At the microelectrode array presented in Chapter 4, on the contrary, edge
effects and radial diffusion are thought to play an important role. Still, the dual-electrode
cannot be simulated explicitly as it holds up to 209 200 pores. To study additional effects at
large arrays of nano-structures, geometry-specific transfer rates are introduced within this
work (Chapter 2.11).
Before studying the microelectrode behavior it is necessary to validate the novel approach.
To this end, we first investigate single pores in restricted volumes. Additionally, single
pores in quasi-infinite volumes are treated, including pores undergoing radial diffusion. The
behavior obtained from explicit simulations is compared to the one predicted by applying
the single-cell approach as well as the novel geometry-specific transfer rates. In this con-
text, tremendous shortcomings of the single-cell approach become apparent. Corresponding
deficiencies are absent using the transfer-rate approach. Eventually, a whole nanoporous
dual-microelectrode sensor is emulated. These simulations proof the newly introduced
method to be consistent with the previous results from Chapter 4.
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a) b) c)
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geometry-specific
    transfer rates
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hSiN
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rBot
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Figure 6.1: The general pore geometry (a) used throughout this paper and the two models
of restricted volumes applied to investigate the geometry-specific Butler-Volmer approach.
The explicit calculations (b) include the pore and the upper volume of height hres, while the
novel approach (c) divides the geometry into the reservoir (left) and two pores with height
hcap, one of which is shown (right).
6.1 Restricted Volumes
6.1.1 Volume Properties
In the following, we have a closer look at the implementation of the geometry-specific transfer
rates. As we will later inverstigate a complete microelecotrde sensor, the nanopore geometry
from Chapter 4 is used as an example. Due to the specific electrochemical characteristics it
further is an interesting candidate to analyze. The sensor layout is depicted in Figure 6.1a.
At the pore’s top an aperture with a radius of rTop = 57 nm is found. The upper electrode
features a height of hPtTop = 10 nm. Beneath the rounded edges the pore’s flak drops
vertically for another hT iTop = 10 nm. Within the following hSiN = 100 nm the pore tapers
to rBot = 40 nm. After further hT iBot = 10 nm the bottom electrode is reached. It is a
exposing an area with a radius of rPtBot = 35 nm. In sum, the top and bottom electrodes
are separated by an insulating stack of 120 nm.
The explicit model of a single pore housed in a restricted volume includes a cylindrical
volume above the pore, which is featuring in this section a radius of rvol = 105 nm and
variable heights hres (Figure 6.1b). At the top of the volume the concentration is set to a fixed
concentration cres. Applying the approach of geometry-specific transfer rates, the reservoir
volume is restricted to the part above the pore itself (Figure 6.1c, left). At the lower boundary
of this volume the coupling boundary Equation 2.68 is applied. According to Equation 2.67
the transfer rates at the boundary are again calculated from a restricted volume including the
explicit pore. Following the idea of separating volume geometry and nanostructure layout,
cell height hcap and concentrations ccap = (ccapred, ccapox ) at the top boundary are independent
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Figure 6.2: Simulated integrated currents through top (a,b) and bottom (c,d) electrodes
for a potential range of 500 mV around E0. The concentration at the cell cap is either set
to a fully reduced (a,c) or to a fully oxidized (b,d) one-molar analyte. The case of high and
symmetric kinetics (ks = 6.0 cm/s, α = 0.5) and Deq = 6.4× 10−6 cm2/s is shown.
of the volume properties of the explicit model. Usually, the height is set to hcap = 800 nm,
while the concentrations are once set to ccap = (1M, 0M) and once to ccap = (0M, 1M).
The electrode reactions of the investigated cases are either descrived by (ks = 6.0 cm/s, α =
0.5),(ks = 0.8 cm/s, α = 0.9) or (ks = 8.5 × 10−2 cm/s, α = 0.5). The diffusion coefficients
read Deq = 6.4× 10−6 cm2/s in the two former cases and (Dred = 6.32× 10−6 cm2/s, Dred =
7.63× 10−6 cm2/s) in the later case. Eventually, the geometry-specific transfer rates derived
from these basic cells are applied to all volume geometries used within this chapter.
6.1.2 Explicit Model of a Single Pore
First, we calculate the currents at the top and bottom electrode by simulating the single
cell domain explicitly. Though the investigations are performed with three different sets of
electrochemical parameters we only show here the case of the electron transfer parameters
ks = 6.0 cm/s and α = 0.5. The boundary at the top of the single cell is set to the fixed
boundary conditions cres = (1M, 0M) or cres = (0M, 1M). The resulting currents I in are
presented in Figure 6.2.
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As we can see, we obtain the typical behavior of a dual-electrode nanopore for high and
symmetric transfer rates. If top and bottom electrode are biased to identical potentials the
bottom currents are minimal in magnitude. At opposing potentials the flux magnitude is
maximal. Around E0 we find a transition regime, which features a width of about 120 mV.
This width is associated with the Nernstian behavior of the reduced and oxidized species
at the electrode surfaces (see Chapter 2.8.3 and 4.2.1). Due to the relatively high transfer
rate of ks = 6.0 cm/s the flux induced between top and bottom electrode is mainly diffusion
limited. The symmetric transfer rate α = 0.5 is reflected by the approximate symmetry
of Ibot(Etop, Ebot) = −Ibot(−Etop,−Ebot) for the bottom electrodes. This symmetry is only
marginally disturbed by additional species exchange towards the cell’s top boundary. In
contrast, large additional currents of up to 3 nA are induced between the cell’s top boundary
and the pore’s top electrode. This current is depending on the top electrode potential and
the concentration set at the boundary. It is, however, independent of the bottom electrode
potential. Consequently, Itop(Etop, Ebot) does not match −Itop(−Etop,−Ebot) for the top
electrode.
6.1.3 Characteristics of the Specific Transfer Rates
The coefficients k˜or,n and k˜ro,n used within the geometry-specific Butler-Volmer Equation
are calculated from the flux towards the electrodes and the concentrations at the h0-plane
(Equation 2.67). As shown in Figure 6.1c this plane is set directly at the interface between
top electrode and reservoir. In Figure 6.3 we present the current per unit-cell obtained for
average interface concentrations at h0 of c0 = (1M, 0M) and c0 = (0M, 1M).
The top electrode currents, respectively the coefficients of the enhanced Butler-Volmer
equation, are quite intuitive. Assuming average concentrations fixed to cred = 1M and cox =
0M at the h0-plane almost no species conversion can be observed for negative overpotentials.
In the inverse case, the current magnitude is maximal with about 475 nA. When assuming
cred = 0M and cox = 1M we find the inverted behavior. An influence of the bottom electrode
on the top currents is barely visible since the species exchange across the h0-plane is largely
dominating the signal.
Regarding the bottom electrodes in Figure 6.3c,d four different regimes can be distin-
guished. If both electrodes are in their reducing states no species conversion takes place at
the bottom electrode, since all boundaries tend towards a concentration of c0 = (1M, 0M).
Inverting the potential of the bottom electrode, a flux between the bottom electrode and the
combination of top electrode and h0-plane is induced.
Switching the top electrode to an oxidizing potential, the flux increases even further. As
top and bottom electrode are set to comparable potentials, this might be counter-intuitive.
We have to consider, however, that a rather unusual boundary condition is applied to h0.
Instead of setting the interface concentration to a fixed value at any given point, only the
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Figure 6.3: Simulated integrated currents through top (a,b) and bottom (c,d) electrodes
in case the average concentrations at the h0-plane, which is lining up with the pores top,
are set to c0 = (1M, 0M) and c0 = (0M, 1M) (b,d). The currents are proportional to the
geometry-specific transfer rates. High and symmetric kinetics (ks = 6.0 cm/s, α = 0.5) are
applied. The diffusion coefficient amounts to Deq = 6.4× 10−6 cm2/s.
average concentration at the interface is set to cred = 1M. If the top electrode is set to
an oxidizing potential the reduced analyte molecules at the electrode surface are converted
to their oxidized form. The concentration cred(x) at the h0-plane locally decreases below
1M. To keep up the average to cred = 1M, the concentration of oxidized molecules right at
the pore’s aperture must increase. The large bottom current is therefore induced between
bottom electrode and pore opening. For the same reason, the bottom current decreases
when further switching the top electrode to a state with (Etop  E0, Ebot  E0). As bottom
electrode and pore opening feature now similar concentration ratios, the species conversion
has to occur mainly at the smaller top electrode’s rims.
In any case, the description given is not to be mistaken as a situation that is likely to arise
physically. It is simply an interpretation of the mathematical parameters k˜or,n and k˜ro,n.
Thus, the main conlcusion to be drawn from the above investigations might be the fact that
the coefficients k˜or,n and k˜ro,n are continuous and limited, indicating that the calculations by
Equation 2.60 are numerically stable.
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Figure 6.4: Normalized deviations σnorm of the integrated currents through top (a,b) and
bottom (c,d) electrodes using geometry-specific transfer rates. The cell heights of the inves-
tigated cell and the cell used to derive the transfer rates are both hcap = 800 nm. Concen-
trations at the investigated cell are either set to a fully reduced (a,c) or to a fully oxidized
(b,d) one-molar analyte.
6.1.4 Self Consistency
Finally, we examine if the geometry-specific Butler-Volmer approach returns the same results
that are given by an explicit simulations of a restricted volume. We start by comparing the
current obtained by using the transfer rates k˜or,n and k˜ro,n (Equation 2.67) with the currents
used to originally calculate these factors. In other terms, we test the introduced approach
for self consistency.
Deviations between the explicit and the geometry-specific transfer rate approach are de-
picted in Figure 6.4. The differences are given in relation to the maximum current obtained
by the explicit simulations as
σnorm = |Iapprox − Iexplic| / |Iexplic|max (6.1)
As we can see, the currents derived using these geometry-specific transfer rates are almost
identical to those presented in Figure 6.2. Maximum errors of only σmaxnorm ∼ 10−5 and
σmaxnorm ≈ 10−6 are found, which applies to all three sets of parameters investigated.
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Figure 6.5: The relative errors on the flux calculated via the geometry-specific Butler-
Volmer approach, using potential-dependent transfer coefficients derived from a cell with a
volume height of hcap = 800 nm. The case of (ks = 0.8 cm/s, α = 0.9), Deq = 6.4×10−6 cm2/s
and cres = (0M, 1M) is shown.
The maximum error relative to the value for the identical potentials configuration is rather
small as well. Defined by
σrel = |Iapprox − Iexplic| / |Iexplic| (6.2)
it amounts to about σmaxrel ∼ 10−3 for both electrodes. However, the later definition is likely
to diverge for Iexplic → 0 A even if the absolute deviation is of minor significance. Therefore,
Definition 6.1 is used in the following.
6.1.5 Restricted Volumes of Varying Heights
The geometry-specific transfer rates are introduced to separate the influences of reservoir and
pore geometry. The enhanced Butler-Volmer equation derived from a certain pore should
therefore be applicable as boundary condition for reservoirs of varying heights. The only
limit given should arise from the fact that the shape of the concentration distribution is
disturbed if the top boundary of the cell is set to close to the nanostructured surface. To
examine the relevance of this effect, we apply the coefficients calculated for the distinct
cell height hcap = 800 nm to volumes of heights hres between 20 nm and 8000 nm. For all
cases the errors σnorm are calculated. The deviations for the parameters set (ks = 0.8 cm/s,
α = 0.9) and Deq = 6.4 × 10−6 cm2/s is plotted in Figure 6.5 for selected reservoir heights.
The concentration at the reservoir top is set to cres = (0M, 1M). This paramters yields the
largest errors observed for all three parametric sets investigated.
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Generally, the normalized deviations are smallest if top and bottom electrode are set to po-
tentials below −300 mV, which correlates to low electrode currents at this potential regime.
As the conversion rate increases the relative error increases among them. At cell heights of
800 nm and more the two approaches barley differ (Figure 6.5a,b). Even down to heights of
hcap = 80 nm the error amounts to less than σnorm = 2× 10−4 (Figure 6.5c). When further
reducing the cell height, however, the deviations between the explicitly calculated geometry
and the new approach quickly grow more significant. For hcap = 80 nm, for instance, the
deviation has already reached the percentage regime with σnorm = 2 × 10−2 (Figure 6.5d).
For a volume with a height of 20 nm (not shown) we eventually find an error of the bot-
tom electrode flux of almost σnorm = 10−1. These errors can be reduced by calculating the
Butler-Volmer coefficients with a cell featuring a height that is fitting the geometry of the
case more appropriately. Using coefficients derived from detailed calculations with a 40 nm
high volume the values for the 40 nm cell differ by maximally σmaxnorm ∼ 10−5.
In principle, however, we conclude that the approach of condensing a nanopatterned elec-
trode geometry to specific transfer rates k˜or,n and k˜ro,n is perfectly suited for cases where
concentration profiles are set at a distance larger than the pattern extensions. When using
the introduced method in the following Section 6.2 for quasi-infinite volumes we consider
transfer rates derived from a hcap = 800 nm volume to be well suited.
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Figure 6.6: The geometry used for the calculations in a quasi-infinite volume. A cylindrical
reservoir (a), a hemispherical reservoir (b), and a hemispherical reservoir with an extenden
top electrode radius (c) are investigated. The explicit model (top) is approximated by the
according reservoir (bottom) and a separate element (d) representing the pore characteristics.
6.2 Quasi-Infinite Volumes
After finding pores in a restricted volume to be perfectly represented by geometry-specific
transfer rates, we now consider nanostructured multielectrodes in quasi-infinite volumes.
Results obtained using the new approach on large nanopatterned electrodes, however, can
not be easily compared to explicit models. In fact, our condensed description is particu-
larly developed for cases that would require exceptional computational power for an explicit
calculation. To estimate the quality of our new approach, we therefore investigate three
geometries covering extreme cases of a nanoporous interface. All of those cases include only
one pore. As a first example, a single porous dual electrode element housed in a cylindrical
volume is simulated (Figure 6.6a). In the second example, the pore is set on the lower plane
of a hemispherical space (Figure 6.6b). These geometries approximate a nanopore in the
center of a large nanostructured array and a porous element at the very edge of the array,
respectively. In the last exemplary case calculated, the nanoporous element is surrounded
by an additional non-porous rim (drim = 2µm), which is an extension of the top electrode
(Figure 6.6c). Similar conditions are found for pores located at edges of the e-beam written
microelectrodes presented in Chapter 4. In the simplified approach the h0-plane for the cell-
reservoir coupling is set right at the pore-reservoir interface. The geometry-specific transfer
rates are calculated from a pore with an overlaying volume of hcap = 800 nm (Figure 6.1c).
104 6. Geometry-Specific Transfer Rates
The extending part of the top electrode (Figure 6.6c) is explicitly simulated in both cases.
As we treat quasi-infinite volumes, which are approximated by dimensions of 400µm, we
focus on the characteristics for potential sweeps of either the top or the bottom electrode.
The opposing electrode is kept at a constant potential. This way, the analysis is related to
actual voltammetric measurements. Owing to the slow scan rate of v = 50 mV/s, however,
the inner pore volume still be assumed to be in steady state at any given time. Eventu-
ally, the three cases investigated mark the upper limits for deviations between the explicit
simulation and the simplified approach. The possible behavior of any other pore within a
nanoporous array is expected to lie within a domain being limited by the extreme cases.
6.2.1 Linear Coupling
Starting with case of the cylindrical element (Figure 6.7), we see that the current traces
calculated with the geometry-specific transfer rates (solid lines) and traces obtained from ex-
plicitly simulated geometry (dashed lines) virtually overlap. Consequently, both approaches
predict a coherent behavior. The three different sets of electrochemical parameters, however,
lead to distinct behaviors. For high kinetics and equal diffusion constants (Figure 6.7a,b) we
find that the current magnitudes are independent of the electrode sweeping. Furthermore, an
inversion of the potential at the non-sweeping electrode from reducing to oxidizing, simply
leads to a cyclic voltammogram that is mirrored at the redox potential. Finally, no differ-
ence of the current maxima at −400 mV and +400 mV is visible, even though the reservoir
concentrations of reduced and oxidized species differ. We deduce a low degree of diffusive
coupling towards the completely reduced reservoir.
Considering decreased kinetic reactions and asymmetric transfer coefficients (Figure 6.7c,d),
we find the typical dependence of the redox cycling current on the orientation of the overpo-
tentials. As explained in Section 4.4, this dependency is caused by the specific pore geometry
in combination with a transfer coefficient being significantly larger than α = 0.5. The factors
mentioned lead to a partially suppressed conversion at the bottom electrode at moderately
high overpotentials. This fact is reflected in a two-stage current increase for the case of a
bottom electrode sweeping versus a reducing top electrode (light blue).
For the lowest reaction coefficients assumed (Figure 6.7e,f) we can find a more general
broadening of the cyclic voltammograms. Along with this behavior the maximum currents
are again found to be configuration-dependent. Here, the signal magnitudes are not the result
of an asymmetric transfer coefficient. They rather reflect actual variations of the overall
analyte concentration at the pore. These variances are a result of the distinct diffusive speeds
of reduced and oxidized species, which come along with different collecting and escaping
probabilities of molecules at a converting electrode. For reasons stated in Section 5.4, the
diffusion constants of Dred = 6.32×10−6 cm2/s and Dox = 7.63×10−6 cm2/s lead to a current
ratio of I(Etop  Ebot)/I(Etop  Ebot) ≈ 1.21.
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Figure 6.7: Simulated currents of the top (a,c,e) and bottom (b,d,f) electrode derived
for a single pore with a quasi-infinite cylindrical reservoir. The characteristics for three
sets of electrochemical parameters are shown (see right). Assumed bulk concentrations are
cres = (0.9M, 0.1M). The graphs of the explicit simulations (dashed line) completely overlap
the graphs derived from the simplified model (solid line).
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6.2.2 Radial Coupling
In Figure 6.8 we present the top and bottom currents obtained for a single pore in hemi-
spherical volume. Regardless of the slight gap between the explicit model and the one using
of geometry-specific transfer rates, clear differences towards the linear case in Figure 6.7 can
be found. First of all, a massive offset is observed for the top electrode, which is arising from
molecule exchange with the reservoir. As the reservoir mostly contains reduced species,
the additional current is largest for a top electrode biased to an oxidizing potential. At
this potential regime the diffusive exchange can exceed the redox-cycling flux between both
electrodes by a factor of more than 7. Interestingly, we also find an offset at the bottom elec-
trodes for all investigated cases. This fact already indicates that even the behavior within the
pore differs from the diffusion domain approach. Obviously, the top electrode is not capable
of perfectly shielding the bottom electrode from diffusive exchange with the reservoir.
A closer investigation of the separate cases in Figure 6.8 reviles further characteristics that
are typical for the hemispherical volume. For all parameters we find the maximum cur-
rents in the oxidizing regime to be approached less sharply by the sweeping top electrodes
(Figure 6.8a,c,e, red curves). We can conclude that, owing to the additional diffusion to-
wards the sensor, the species conversion at the top electrode is insufficient to reach Nerstian
equilibrium for moderate overpotentials.
For even lower transfer rates the voltammetric behavior changes again. When sweeping the
top electrode from minimum to maximum potential (Figure 6.8e, red curves) the top current
changes in two individual steps. Partially, those steps once represent the ceasing reduction
and once the initiating oxidation of species arriving from the reservoir. For small electrodes
or slow kinetics both phenomena occur at distinguishable potentials. The separtion is also
visible at the bottom electrodes currents (Figure 6.8f, red curves). As species conversion at
the top electrode approaches zero close to Etop = E0, the bottom electrode undergoes three
phases during a sweep of the top electrode. Within the first phase the bottom electrode is still
shielded from the reservoir. Subsequently, the shielding collapses so that species exchange
with the reservoir is enabled. At high opposing overpotentials redox-cycling is induced. The
according steps are located at around Etop ∼ −150 mV and at around Etop ∼ +150 mV.
Due to the slow kinetics the redox cycling on-switch is shifted towards higher differing
overpotentials. Of course, the step is also reflected in the top currents. For a sweeping
bottom electrode, on the contrary, we can hardly identify a two-step behavior (Figure 6.8e,f,
blue curves). Though a current offset for Etop,bot  E0 indicates a minor diffusive exchange
between bottom electrode and reservoir even for identical electrode potentials, the transition
towards the shifted on-switch of the redox cycling process is rather continuous.
Additionally, we find the current amplitudes of the reducing bottom electrode (light red,
dark blue) to be slightly smaller than the maximum currents of an oxidizing bottom electrode
(dark red, light blue). This behavior is believed to arise from an incomplete conversion at the
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Figure 6.8: Currents at a top (a,c,e) and bottom (b,d,f) electrode calculated for a
nanopore coupled to a quasi-infinite hemispherical volume. The characteristics for three
sets of electrochemical parameters are shown (see right). Assumed bulk concentrations are
cres = (0.9M, 0.1M). The graphs allow a comparison between explicit (dashed line) and
approximate calculations (solid line) as well as a comparison to the approximation with a
cylindrical volume (Figure 6.7).
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top nanoelectrode facilitated by the low transfer rates. As a consequence, the concentration
at the pore’s inner rim is affected by the reservoir concentration, which eventually influences
the net-flux between both electrodes. In any case, the characteristics observed in Figure 6.8f
for radial diffusion exactly oppose the ones made in Figure 6.7f for linear diffusion. The
geometry-specific transfer rate approach, however, describes both cases well.
All of the above characteristics, which are unique for a pore coupled to a hemispherical
reservoir via radial diffusion, can be derived using the geometry-specific transfer rates. Still,
differences regarding the absolute value of the predicted current are found. For our extreme
example of a single pore in a hemispherical volume they can amount to σmaxnorm = 10%. These
deviations originate from lateral variances of the species concentrations close to the outer
edges of the porous element. At the explicitly modeled dual-electrode the variances solely
influence the flux at the top electrode edges, while bottom electrode is not affected. The
enhanced Butler-Volmer equation, on the contrary, represents the averaged behavior of a
whole nanostructured element. Therefore, the analyte at the cell’s periphery contributes to
the calculated bottom currents as well. The current predicted for the top electrode changes
due to the consequent modifications of the surface concentration. As this modeling gap
represents an edge effect, however, the difference between both approaches regarding the
calculated currents is expected to decrease linearly with the radius of the nanostructured
surface. For a nanoporous array with two additional rings of hexagonal elements around the
centre element, the deviation should decrease below σmaxnorm = 2%, already.
6.2.3 Radial Coupling Including a Rim Electrode
The case of a nanopore being surrounded by an extendend top electrode ring is presented
in Figure 6.9. The bottom electrode currents (Figure 6.9b,d,f) seem closer related to the
characteristics of the cylindrical element approximation (Figure 6.7b,d,f). Still, the single-cell
approximation would, for instance, return the erroneous result of configuration dependent
maximum bottom currents for differing diffusion constants (Figure 6.7f, 6.9f). Apart from
the incongruent curve shape, the nominal deviation alone would sum up to about 22%.
Moreover, the currents of the top electrode are not included in the single-cell approach. Due
to the extended radius of the sensor the top currents are mostly dominated by diffusive
exchange with the reservoir.
The geometry-specific Butler-Volmer approach again displays the exact behavior we find
for the explicitly modeled pore. The currents derived for the bottom electrodes do not
deviate by more than 2%. The errors of the top currents even lie in the per mille range.
Consequently, the presented approach perfectly includes the case investigated in this section
as well. The geometry-specific transfer rates are therefore thought to be well suited for the
simulation of our real nanostructured arrays.
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Figure 6.9: Currents at a top (a,c,e) and bottom (b,d,f) electrode derived for a nanopore
coupled to a hemispherical quasi-infinite volume. Compared to the case in Figure 6.8 the
top electrode is extended by 2µm. The characteristics for three sets of electrochemical
parameters are shown (see right). Initial bulk concentrations are cres = (0.9M, 0.1M). The
graphs of the simplified model (solid line) closely match the graphs obtained for the explicit
simulations (dashed line).
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In sum, we find a very specific behavior for a nanopore coupled to a hemispherical vol-
ume. The characteristics differ in a delicate way from the characteristics obtained from a
cylindrical cell. Modeling a sensor with the diffusion domain approach can therefore be
highly misleading. By using the introduced method of geometry-specific transfer rates, on
the contrary, all characteristics of the nanoporous surface are decently reflected.
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Figure 6.10: The geometry of a dual-electrode sensor (a), the pore arrangement within
the sensor’s central area (b), and the single porous element (c). The flux ϕ0 induced in the
volume above the dual-electrode arrangement is coupled to the porous element at the h0-
plane. The flux ϕstop at the microelectrode rim is solely defined by the top electrode’s transfer
characteristics. Parameters ϕstop and ϕsbot denote the flux at top and bottom electrode of the
porous element in (c). The concentration at the domain’s top boundary is once set to
ccap = (1, 0) and once to ccap = (0, 1) to derive the geometry-specific transfer rates.
6.3 Whole-Sensor Simulations
Though the investigations in Chapter 4 returned a coherent picture of the redox cycling
process at a nanoporous dual-microelectrode sensor, some aspects could not explicitly be
tested. In our experimental data we find, for instance, the sweeping top electrode to be
superimposed by potential-dependent non-redox-cycling currents (see Figure 4.2). They are
believed to be caused by analyte exchange with the reservoir. Furthermore, we assumed that
the bottom currents would not be influenced by additional diffusion. We even concluded that
distinct diffusion constants for the reduced and oxidized species are an unlikely cause for
the high transfer rate obtained from our fits. For all considerations we employed single-
pore simulations. However, it is not necessarily clear how and to what degree the sensors
micro-geometry influences the obtained signal. Using the geometry-specific transfer rates
from Equation 2.67 we can thus put our hypotheses to a numerical validation.
6.3.1 Sensor Geometry
As described in Chapter 4, the dual-electrode holds a nanoporous array, which is surrounded
by a top-electrode ring (Figure 6.10a). Here, we consider the 35µm sensor with a radius
rpor = 33µm of the porous area and a rim of drim = 2µm, which is part of the top elec-
trode. The whole system is recessed hpass = 800 nm beyond a passivation layer with rounded
edges. The nanopores are arranged hexagonally with interpore distance of dint = 200 nm
(Figure 6.10b). A repetitive cell is thereby defined by a hexagonal base. Reshaping the hexag-
onal base while keeping the basal area constant, returns the same radial-symmetric element
with a radius of rvol = 105 nm (Figure 6.10) that is used in all previous simulations of the mi-
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Figure 6.11: Calculated (black) and experimental currents (red) of a nanoporous dual-
microdisk sensor with rpor = 33µm. Figure (a) presents the explicit currents, (b) the
calculated non-redox cycling parts. The sweep rate of the top electrode amounts to 50 mV/s;
the bottom electrode is biased to Ebot = −25 mV. Values of (ks = 5.2 cm/s, α = 0.85) and
Deq = 6.4× 10−6 cm2/s are chosen for the simulation. The initial concentrations of reduced
and oxidized species in the reservoir are assumed to be 25µM each.
croelectrode sensor. As we further adopt the kinetic parameters ks = 5.2 cm/s and α = 0.85
from our investigations of bottom currents, the previous conditions are closely related to the
cases investigated above (Section 6.2.3). Consequently, the approach-based maximum error
on the calculated currents can be assumed to be situated well below σnormmax = 2%.
6.3.2 Superimposing Microelectrode Characteristics
First, we assumed that one of the main differences between the single-pore simulations and
the experimental current arises from additional radial diffusion towards the top electrode.
A comparison between the experimental currents and the whole-sensor simulations support
this idea (Figure 6.11a). The calculated current trace almost perfectly matches the currents
obtained for a top electrode sweeping versus a reducing bottom electrode. Minor deviations
are only found at the top electrode for negative potentials, which are again attributed to
the unsteady oxygen reduction. The behavior for high potentials, on the contrary, is nicely
matched. As expected, the flux towards the top electrode can be explained by including
species exchange with the reservoir.
The additional non-redox cycling current is depicted explicitly in Figure 6.11b. They are
derived from the difference of the top and the absolute bottom currents, as the bottom cur-
rents are assumed to represent redox cycling only. Similar to our experimental observations
in Chapter 4.2, the reservoir-currents feature the typical characteristics of a cyclic voltam-
mogram recorded at a microdisk in a hemispherical volume. These characteristics include
steady currents at high overpotentials as well as a hysteresis effect and a current overshoot
close to the redox potential E0 = 250 mV (compare Section 2.7).
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Figure 6.12: The concentration (cred) of the reduced species (a) at the whole sensor and
(b,c) within the two pores used to derive the geometry-specific transfer rates. Here, the the
case for an increasing top electrode potential at Etop = 250 mV is pictured. The potential
is swept with a rate of 50 mV/s, whereas the bottem electrode is set to Ebot = −25 mV.
Solid arrows in (a) denote main directions of flux of the reduced species at the given time.
The dashed line indicates future radial flux from the remote part of the reservoir. The
electrochemical parameters are (ks = 5.2 cm/s, α = 0.85) and Deq = 6.4 × 10−6 cm2/s.
For all geometries only the lower part of the simulated volumes is shown. Axial and radial
positions in (b,c) are independent of those in (a).
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Apart from pure current traces our simulations give an insight into the concentration
distribution at the nanoporous sensor as well. In Figure 6.12a we present the interesting stage
of a forward sweep at E0 = 250 mV. During this period, the conversion at the top electrode
of the previously reduced molecules to oxidized ones has already started. A couple of microns
above the sensor surface, however, an reduced molecules are still accumulated. As indicated
by the solid arrow facing away from the electrode, these molecules partially escape towards
the reservoir. Other molecules will diffusive towards the sensor in a linear manner (solid
arrow, facing downwards), causing a temporary extra-current at the top electrode. The later
phenomenon is exactly what causes the typical micro-electrode characteristics around E0
(Figure 6.11b). As higher overpotentials are reached, however, the radial supply towards the
electrode edges (dashed arrow) becomes increasingly important. The redox cycling process
within the pores is again represented by the two cases used to calculate the enhanced Butler-
Volmer coefficients (Figure 6.12b,c). If desired, the concentration distribution for a specific
position at the array can be obtained by superimposing two cells in respect to to the local
surface concentration.
6.3.3 Species-Dependent Diffusion towards Dual-Microelectrodes
Despite the agreement in Figure 6.11 we can not exclude an impact of separate diffusion
constants on the recorded signal. As depicted above, according effects depend on the kind of
coupling between sensor and reservoir. This topic is of more than purely hypothetical nature,
as Mampallil et al.51 have recently reported the ratio of the diffusion coefficients for oxidized
and reduced Fc(MeOH)4−/3−2 to amount to Dox/Dred ≈ 0.83. To estimate a possible effect,
we again simulate the cyclovolammetric behavior of a sensor with one sweeping electrode
and one electrode being fixed to a constant potential. This time, however, we assume the
diffusion constants Dred = Deq/
√
0.83 and Dox = Deq ×
√
0.83. The resulting currents are
presented in Figure 6.13. Here, we separately consider a reservoir holding once a completely
reduced (Figure 6.13a) and once a completely oxidized (Figure 6.13b) analyte.
In congruence with the findings made by Mampallil et al. for a nanochannel sensor. we
find that we have potential-dependent species concentrations at each of the sensor electrodes.
The resulting redox-cycling currents, which are represented by the bottom currents (dashed
lines), mostly depend on the ratio of the bulk concentration in the electrolyte. The ratio
of the two diffusion constants is reflected in the 17% difference of the maximum current for
a completely oxidized compared to a reduced reservoir. Simply inverting the overpotentials
at both electrodes causes a difference of only 2%. Mampallil et al. contribute this behavior
to the weak coupling between nanochannel and reservoir. We, on the contrary, find the
fast species exchange between the nanoporous electrodes and the reservoir to be accountable
(compare Figure 6.9). Only for radial coupling one can assume a quasi-steady state with
ImaxRC ∝ Dredcresred +Doxcresox . This point, however, remains to be discussed in Appendix B.
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Figure 6.13: Simulated currents at the top (solid line) and the bottom (dashed line)
electrode for a top (red) or a bottom (blue) electrode sweeping with 50 mV/s. The non-
sweeping electrode is set to −25 mV. Either a fully reduced (a) or oxidized (b) analyte with
a bulk concentration of 50µM is assumed. The kinetic parameters are ks = 5.2 cm/s and
α = 0.85. Distinct diffusion constants of Dred ≈ 7.0×10−6 cm2/s and Dox ≈ 5.8×10−6 cm2/s
are applied.
Apart from effects on the current magnitude, the distinct diffusion constants in Figure 6.13
hardly influence the current characteristics. The slower increase in current for a sweeping
bottom electrode can be attributed to geometric effects and the asymmetric transfer coeffi-
cient α 0.5. Slight offsets solely reflect the usual analyte supply from the reservoir, which
is also found for equal diffusion coefficients (Figure 6.11). To further proof that the effects
caused by distinct diffusion coefficients can not be fitted with α  0.5, we simulate the
redox cycling behavior for low kinetics and a symmetric transfer coefficient α = 0.5. The
transfer rates ktop = 0.8 cm/s and kbot = 0.6 cm/s are adopted from our fits of the aged dual-
microelectrode in Section 4.5.1. The ratio of the analyte species in the reservoir is assumed
to be balanced.
Presented in Figure 6.14 we find the typical behavior for pore reactions with reduced
transfer rates. While the current increase in case of a sweeping bottom electrode is slowed
to a certain degree, the step-width for a sweeping top electrode is only slightly affected.
However, no behavior is found that could alternatively explain the separation presumably
witnessed for high transfer coefficient α, such as in Figure 4.7. Instead, the graphs are
closly related to the characteristics of a single pore with symmetric transfer properties that
is coupled to a hemispherical reservoir (compare Figure 4.14). Minor offsets, which are
visible particularly at the maximum currents, are again caused by the continuous analyte
supply from the reservoir. The only effects caused by distinct diffusion coefficients include
a minor shift (≈ +5 mV) of all curves towards positive overpotential. A decent hysteresis
effect (∆I ≈ 0.5 nA) at both electrodes for a sweeping top electrode further indicates the
potential-dependent enrichment and depletion of analyte.
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Figure 6.14: Simulated top currents (solid line) and the bottom currents (dashed line) in
case of the top (red) or the bottom (blue) electrode sweeping with 50 mV/s. The electrode
opposing the sweeping one is set to −50 mV (a) or to 550 mV (b). The kinetic parameters
are ktop = 0.8 cm/s, kbot = 0.6 cm/s and α = 0.50. The reservoir concentrations of the
reduced and oxidized species amount to 50µM each. Distinct diffusion constants of Dred ≈
7.0× 10−6 cm2/s and Dox ≈ 5.8× 10−6 cm2/s are applied.
Eventually, we find that the dimensions of the nanoporous dual-electrode sensor are sit-
uated in a special regime. In this regime microelectrode characteristics superimpose the
redox cycling signal. The array dimensions, however, are large enough so that the redox
cycling characteristics remain mostly unaltered. Furthermore, radial diffusion prevents ac-
cumulation and depletion of redox-active molecules. Therefore, the numerical investigations
employing the new approach of geometry-specific transfer rates fully support the studies on
redox cycling in nanoporous sensors made in the previous chapters.
Chapter 7
Conclusion and Outlook
Within this work two novel types of nanoporous dual-electrode sensors were fabricated. Mak-
ing use of electrochemical redox cycling, both sensors provide high sensitivities. Furthermore,
detailed analysis unveiled the unique interplay of specific nanoporous geometry and analyte
properties. The according behavior is fully understood within the standard electrochemical
model. Moreover, using a newly developed mathematical description of patterned surfaces,
the signal characteristics can be precisely calculated.
For the sensor fabrication two differing approaches were adopted. First, top-down process-
ing techniques including electron beam writing and reactive ion etching were used. These
techniques represent a suitable approach to yield dual-microelectrode arrays with clearly
defined nanopore geometries. Featuring radii of about 50 nm and a height of about 120 nm
the pores are hexagonally arranged at 200 nm interpore distances. As part of a second ap-
proach, new bottom-up techniques were developed to achieve cost-effective high-throughput
fabrication of nanoporous sensors. A specific layer system was introduced to enable on-chip
formation of nanoporous alumina films on conducting wafers. In addition, an electrochemical
approach for the selective passivation of nanostructured electrode areas was presented, and
new etchants with tunable selectivity for the removal of titania versus alumina were devel-
oped. By combining these techniques dual-electrode sensors were fabricated. On a basal area
of 9 mm2 each of the sensors holds more than one billion pores with approximate distances of
100 nm. The pore heights and radii amount to circa 375 nm and 20 nm, respectively. These
basic geometrical characteristics can easily be adapted to the experimental requirements.
During the experimental analysis both types of nanoporous redox cycling devices were
proven to be highly suitable for electrochemical sensing. Regarding basic analyte detec-
tion, we find uniquely high per-area sensitivities of up to 9.0 mA/mM cm2 for the dual-
microelectrode design. The large-area alumina sensors even reach overall sensitivities up
to 330µA/mM. Additional investigations reveal fundamental, yet unreported phenomena
arising from the sensor-specific layouts. In this regard, numerical simulations show that
the combined effects of close electrode spacing and asymmetric electrode design provide a
close view on electron transfer reactions. The nanopore design enables differentiating signal
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characteristics connected to transfer rate, transfer coefficient, redox potential and analyte
diffusion. It is therefore possible to clearly identify an asymmetric transfer behavior, which
is described by α ≈ 0.85 for the Fc(MeOH)0/1+2 -analyte. Furthermore, stacked electrode
arrangement and exceptional dimensions of the large-area sensors open up new ways to de-
termine the ratio of an analyte’s oxidation-dependent diffusion coefficients. We find our
considerations supported by the ratio Dox/Dred = 1.24 deduced for the diffusion coefficients
of the Fe(CN)3−/4−6 -couple.
To more closely investigate the impact of the extensions of a nanoporous array and its
surrounding reservoir on the redox cycling behavior, a mathematical model was developed.
The model allows the joint description of thousands of nanoscaled pores while simultane-
ously including the pores local coupling to a macroscopic reservoir. The numerical analyses
performed underline that the redox cycling signal does not only depend on the explicit pore
geometry but that it is also linked to the layout of nanoporous array and reservoir. In this
context, however, we find confirmed that dual-microelectrode sensors are perfectly designed
to exclude complex effects of intense radial or limited linear coupling. The large-area alumina
sensors, on the contrary, represent the extreme case of linearly coupled nanopores.
Apart from the specific advantages regarding investigations on fundamental analyte char-
acteristics, the nanoporous sensors are particularly suited for electrochemical applications
in a biological context. The microelectrode sensors, on the one hand, can be utilized for
the local detection of neurotransmitter release in cellular networks. The large-area alumina
sensors, on the other hand, could be employed to investigate summarized effect of neuronal
activities. Being advantageous for biomedical applications, the large-area redox cycling de-
vices do not only allow high-throughput processing without requiring expensive patterning
techniques; their high sensitivities might even eliminate the need for advanced read-out elec-
tronics. Furthermore, the self-regulating bottom-up fabrication steps might be implemented
into the process flow of nanoporous microelectrode sensors. However, the newly introduced
fabrication techniques are not restricted to the use in redox cycling sensors. They can more
generally be applied to facilitate template formation, to perform selective etching or to en-
capsulate micro- or nanostructured electrodes. In a similar way, the mathematical tools
developed to study the comprehensive behavior of nanopatterned arrays on both the nano-
and macroscale are believed to be of interest to a large part of the electrochemical commu-
nity. As the approach is thought to be generally applicable to single- and multi-electrode
systems, even investigations on nanostructured battery or fuel-cell interfaces might benefit
from the developed concept. Initially, however, the novel approach might help to interpret
characteristics of events related to biosensing, such as the localized detection of transmitter
release at dual-microelectrode sensors.
Appendices

Non-Ideal Behavior at Nanoelectrodes
In the following sections we discuss effects that possibly influence the redox cycling current,
but which are neither covered by the basic Butler-Volmer equations nor by free diffusion.
Since effects are obviously manifold, only a few are treated in a rather compact way.
Surface Morphology
In studies performed on TMA-Fc, Velmurugan et al. mention surface irregularities as a
probable reason for the obtained variety of kinetic parameters.132 The authors further show
that polishing nanoelectrodes in a suspension of alumina nanoparticles results in cyclic-
voltammograms that can be fitted with a rather symmetric transfer coefficient. Recordings
with Fc(MeOH)1 at unpolished surfaces, on the contrary, yield signals that could be inter-
preted by α 0.5. It might therefore be speculated that our value for the transfer coefficient
could be the result of a higher surface roughness. In studies performed on nanofluidic redox
cycling devices for instance, chemical etching is used to release the electrodes and obtain
a relatively planar surface.19 The reactive ion etching process we used, on the other hand,
can leave a rougher surface. A high surface roughness, however, can not solely explain dis-
tinct current magnitudes at maximum overpotentials. Assuming α = 0.5 electrode reactions
and diffusion the ‘Top+550 mV vs. Bot.−50 mV’ configuration should simply represent the
inverted case of the inverse configuration. Thus the signal magnitudes should be identical.
Electrode Blocking by Analyte Species
As mentioned in Section 2.2 any molecules dissolved in the electrolyte can be found to bind at
least sporadically to an electrode. By blocking parts of the electrode surface they might im-
pair transfer reactions between electrode and analyte. Changes happening on timescales that
are large compared to the timeframe of single measurements can be captured by adapting the
heterogeneous transfer rate. Processes taking place on time scales of single measurements,
on the contrary, are of greater interest. These processes might have an impact on the de-
termined transfer coefficient. For the redox mediator used in our experiments, for instance,
potential-depended adsorption has been reported.52,53 From the given amount of adsorbed
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molecules we can deduce Fc(MeOH)2 to form layers with maximum densities up to about one
molecule per 15 nm2. Within the nanochannels, which are used in the cited investigations,
adsorption causes a depletion of the number of freely moving molecules. Consequently, the
redox cycling current is decreased until the cavity is repopulated by molecules diffusing in
from the reservoir. When stepping down the potential, the adhered species could be released
from the electrodes again. As a result changes in signal amplitude and noise characteristics
can be observed.
In our case, however, a signal modification caused by a depletion of redox cycling molecules
was unlikely. Using a nonporous sensor the coupling to the reservoir is strong. Still, when
recording voltammograms of a sweeping bottom electrode in redox-cycling mode we find
hysteresis effects at the top electrode. As we can see from Figure 4.6a, the current magnitude
of a backward sweep is lower than the one for a forward sweep. It might be speculated that we
see here a potential dependent passivation of the electrode, which itself is caused by mediator
adsorption. In accordance with the nanochannel-studies, the hysteresis is largest around
300 mV vs. Ag/AgCl. However, considering the occupied area of an adsorbed Fc(MeOH)2
molecule to be about 0.3 nm2 we barely reach a substantial coverage of the surface1. One
would further expect the adsorbed molecules to be in some kind of equilibrium with the
molecules in solution. Thus, the number of adsorbed molecules should increase with the
concentration and the degree of passivation was to increase as well. Consequently, the
detected signal should not increase linearly with the concentration. As we do not observe
an according behavior (compare Figure 4.6), adsorption of the redox cycling molecules are
not believed to be of major importance for the detected signal.
Interface Effects
As mentioned in Chapter 4.8, measurements performed with nanoelectrodes can yield a wide
range of kinetic parameters for the exact same ferrocene redox-couple. Partially, these vari-
ances can be explained by the dimensions of the system used. It is known that pure diffusive
species transport as well as classical Butler-Volmer kinetics breaks down at nanometer-sized
electrodes or small electrode distances in redox cycling systems.143,144,155 On the one hand,
potential dependent attraction and repulsion of a charged analyte becomes increasingly im-
portant.142 On the other hand, electron tunneling can result in electron transfer nanometers
away from the electrode periphery.144 Regarding our experiments, tunneling of electrons be-
yond the plane of closest approach could explain the slight yet continual increase in current
at high overpotentials. As the species can undergo reduction and oxidation further away
from the surface, the necessary shuttling length for the redox molecules is shortened with in-
creasing potential. Tunneling effects, however, cannot be the cause of an asymmetric transfer
1The molecule’s cross section area is estimated from crystallographic data of ferrocene from ref. 154.
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coefficient. It is not obvious how the redox cycling currents would be highly depending on the
orientation of the opposing overpotentials. Interestingly, electrostatic interactions between
electrode and the Fc(MeOH)+2 -species and the consideration of the effective potential at the
plane of reaction (known in combination as the Frumkin effect) might provide a explanation
for α  0.5. For high enough electrolyte concentrations156 the electrode reactions can be
written by a modulation of the Butler-Volmer equation:
ϕsupportFrumkin = exp
(
(α− zox)f(E − E0 − Epzc)
)
× ϕBV (1)
As we find, this leads to an electrode flux of
ϕsupportFrumkin = ks exp
(
(zox − α)fEpzc
)
×[
cred exp
(
(1− zox)f(E − E0)
)
− cox exp
(
− zoxf(E − E0)
) ] (2)
meaning that the charge number zox = +1 of the oxidized molecule replaces α in the pure
Butler-Volmer terms. The transfer rate α - along with the potential of zero charge at the
electrode - simply affects the apparent potential independent transfer rate. This picture
might even hold up when including electrode tunneling.140 However, also the relevance
of tunneling effects is potential dependent. Furthermore, the potential of zero charge was
introduced as a novel parameter. Here, potential dependent adsorption of electrolyte ions
might influence the potential at the Helmholtz planes and therefore alter electrode kinetics.
According adsorbtion effects seem likely due to the hysteresis shown in Figure 4.6a. As it is
unclear to what degree this behavior would influence the signal, we restrict our considerations
to simpler phenomenological Butler-Volmer model. Nevertheless, the high value of α as used
in the Butler-Volmer model could correlate to the charge of the oxidized analyte and thus
be partially explained by the Frumkin effect.
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Variations of Analyte Concentrations
Throughout this work we have recurrently investigated the impact of distinct diffusion con-
stants of the reduced and the oxidized species on the analyte concentrations at a nanoporous
sensor. We found that the number of molecules participating in redox cycling and thus the
induced current depends on the potential configuration and diffusion constants via
I(Etop  E0  Ebot)
I(Etop  E0  Ebot)
1D=
(
Dox
Dred
)1/2
(3)
This relation, however, is only valid for quasi-linear diffusion towards large-area sensors as
introduced in Chapter 5. Here, the analyte concentration at the top electrode should read:
ctopsum(Etop  E0)
ctopsum(Etop  E0)
1D=
(
Dred
Dox
)1/2
(4)
Due to the quiasi-steady state within the pores the flux of reduced and oxidized species
exactly oppose each other and according to Equation 2.34 we can assume
Dred c
top
red +Dox ctopox = Dred cbotred +Dox cbotox (5)
As the concentration of the oxidized species at the reducing electrode and the reducing
species as the oxidizing electrode are virtually zero the concentration at the bottom electrode
is linked to the overall top concentrations via
Dred c
bot
sum(Etop  E0  Ebot) = Dox ctopsum(Etop  E0  Ebot)
Dox c
bot
sum(Etop  E0  Ebot) = Dred ctopsum(Etop  E0  Ebot)
(6)
Combining Equation 4 and 6 yields:
cbotsum(Etop  E0  Ebot)
cbotsum(Etop  E0  Ebot)
1D=
(
Dox
Dred
)3/2
(7)
Assuming the redox cycling current to be proportional to the averaged concentrations of top
and bottom electrode the ratio in Equation 3 follows from Equation 7 and 4.
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For nanoporous microelectrode sensors Equation 6 is valid as well. Our numerical sim-
ulations, however, suggest that Equation 4 does not apply. Instead, the concentration at
an electrode undergoing radial diffusion is directly proportional to the species-dependent
diffusion coefficients:
ctopsum(Etop  E0)
ctopsum(Etop  E0)
3D= Dred
Dox
(8)
As a consequence, the averaged concentrations for hemispherical diffusion (Equation 3 and 8)
are constant at maximum overpotentials. Accordingly, the current ratio reads:
I(Etop  E0  Ebot)
I(Etop  E0  Ebot)
3D= const. (9)
Due to the sophisticated geometry detailed investigations are restricted to numerical cal-
culations. Still, as Equation 5 is derived in Section 2.5.4, we only have to mathematically
reconstruct Equation 3 and 8. To this end, we only presume that the coupling behavior of the
top electrode with the reservoir is primarily represented by the top electrode of the porous
sensor, which is true if high overpotentials facilitate an instant conversion. Eventually, we
only have to consider the behavior of single electrode setups to support our experimental
and numerical observations regarding the analyte concentrations.
Infinite Electrode
Here, we investigate the case of a planar electrode with infinite extensions delimiting an
otherwise infinite volume. Initially, all molecules are assumed to be in the oxidation state i.
They further are equally distributed. At t = 0 the electrode should start with full conversion
of the molecules to the opposite state so that the surface concentration at the electrode
cEli (t > 0) equals zero. Due to the translation symmetry we only have to consider one-
dimensional diffusion along the planes normal. The concentration at any time t > 0 is
consequently given by integrating over x0 the product of the initial constant distribution
ci(x0, t = 0) = cresi and the Green’s function for adsorbing walls (Equation 2.23):
ci(x, t) =
∫ ∞
0
ci(x0, t = 0)G−(x, t, x0) dx0 (10)
Applying Fick’s first law (Equation 2.17) at x = 0 we obtain the time-dependent flux towards
the electrode:
ϕEli (t) =
(
Di
pit
)1/2
cresi (11)
The above equation is known as the one-dimensional Cottrell equation.94 As we can see, the
flux decreases with t−1/2 approximating ϕi = 0 for t → ∞. Furthermore, the flux depends
on the square root of the converted species diffusion coefficient.
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As the inward flux of the product species j must be equal to the outward flux of the
reacting species, we can also calculate the concentration cj(x, t) by folding Equation 11 with
the mirroring Green’s Function 2.24:
cj(x, t) =
∫ t
0
ϕEli (t = χ)G+(x, t = t− χ, x0 = 0) dχ (12)
Interestingly, the concentration of the product species at x = 0 and t > 0 relates to the
initial concentration of species i via
cElj (t > 0) =
(
Di
Dj
)1/2
cresi (13)
As the reactant’s surface concentration cEli equals zero, the overall surface cElsum is identical
to cElj . Therefore, concentration cElsum changes from cresi to (Di/Dj)1/2 cresi when initiating
species conversion. Whether we find an increase or a decrease in the analyte concentration
depends on the diffusion coefficient of both species. However, the relative difference for the
oxidizing and reducing electrode potentials for one-dimensional diffusion is always given by
cElsum(EEl  E0)
cElsum(EEl  E0)
=
(
Dred
Dox
)1/2
(14)
Disk Electrode
Limiting the area of the infinite planar electrode to a circular area we obtain a disk electrode
embedded in an otherwise electrically inactive plane. As introduced in Chapter 2.6 the flux
towards a disk electrode is described by the Shoup-Szabo Equation93
Φ = 4Di cresi rEl f(τ) (15)
with
f(τ) = 0.7854 + 0.8862 τ−1/2 + 0.2146 exp(−0.7823 τ−1/2) (16)
denoting a time-dependent function, which is depending on time t, diffusion coefficient Di,
and the electrode radius rEl via parameter τ :
τ = 4Dit/r2El (17)
On the long term, coefficient f(τ) approaches unity and a constant non-zero flux towards the
electrode is found. This steady state current marks a fundamental difference in the character
of unidirectional, linear diffusion and three-dimensional, radial diffusion. Furthermore, the
radial flux towards the disk electrode depends on the reactant’s diffusion coefficient in a
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linear manner. This indicates that also the overall surface concentration varries in a way
differing from Equation 14. For the disk electrode we postulate
cElsum(EEl  E0)
cElsum(EEl  E0)
= Dred
Dox
(18)
This assumption is supported by investigations of the less versatile case of radial diffusion,
namely the diffusion towards the spherical electrode.
Spherical Electrode
The flux towards a spherical electrode can again be derived analytically, most conveniently
by using spherical coordinates and proper substitution (see ref. 90, Chapter 5.2.2). The flux
density obtained reads
ϕEl =
[(
Di
pit
)1/2
+ Di
rEl
]
cresi (19)
using rEl to denote the spherical radius of the electrode. Even more clearly than for the
disk electrode, we see that the flux in the above equation includes terms related to linear
diffusion (Equation 11). The linear character ϕ ∝ t−1/2 again holds up to approximately
t ∼ 0.1µs - 1 ms for maximum radii reaching from 1µm to 100µm.
The concentration distribution can be explicitly calculated as well. It is given by
ci(r, t) =
[
1− rEl
r
erfc
(
r − rEl
2(Di t)1/2
)]
cresi (20)
Close to the electrode the concentration profile quickly approximates a fixed value. Tem-
poral changes at more distant positions are small at any given time, as the relative change
in concentration is limited to rEl/r. Accordingly, we find within seconds a steady state
concentration
ci(r, t→∞) = cresi
(
1− rEl
r
)
(21)
that can be described by
∆ci = 0 (22)
Consequently, the flux of the product species can be assumed to exactly oppose the one of the
reduced species (compare Section 2.5.4). Far from the electrode the reactant concentration
is given by cresi , while the concentration of the product equals zero. At the converting
electrode, on the contrary, only product species cElj are present. Considering the conservation
of Di ci(x) +Dj cj(x) (Equation 2.34) we obtain:
Di c
res
i = Dj cElj (23)
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At a non-converting electrode cEli would again match cresi while cElj was zero. The individ-
ual concentrations cresi and cEli,j further represent the overall analyte concentration at the
particular location. Including electrode potentials and the analytes oxidation states we can
therefore write:
cElsum(EEl  E0)
cElsum(EEl  E0)
= Dred
Dox
(24)
Contrary to the case of linear diffusion, the analyte concentration varies with the unmodi-
fied ratio of the specific diffusion coefficients. Considering now the diffusion towards a disk
electrode, we find characteristic similar to the spherical electrode. At large distances r the
flux density decreases with ϕi ∝ r−2 and a steady flux is obtained for t→∞. Accordingly,
we assume a steady state dominated by radial diffusion. Therefore, Equation 24 is valid for
the surface concentration of disk electrodes as well.
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